On the electronic phase diagram of Ba1-xKx(Fe1-yCoy)2As2 and EuFe2(As1-xPx)2 superconductors: A local probe study using Mössbauer spectroscopy and Muon Spin Relaxation by Goltz, Til
Institut für Festkörperphysik
Fachrichtung Physik
Fakultät Mathematik und Naturwissenschaften
Technische Universität Dresden
On the electronic phase diagram of
Ba1-xKx(Fe1-yCoy)2As2 and EuFe2(As1-xPx)2
superconductors
A local probe study using Mössbauer spectroscopy
and Muon Spin Relaxation
Dissertation
zur Erlangung des akademischen Grades
Doctor rerum naturalium
vorgelegt von
Dipl.-Phys. Til Goltz (geb. Dellmann)
geboren am 13. September 1981 in Essen
Dresden, 30. April 2015
"Formation of the magnetic moments is local;
arranging them into a particular pattern is itinerant."
I.I. Mazin and J. Schmalian, Physica C 469, 614 (2009)
1. Gutachter: Prof. Dr. rer. nat. Hans-Henning Klauß
2. Gutachter: Prof. Dr. rer. nat. Jörg Fink
Datum der Einreichung: 30.04.2015
Datum der Disputation: 28.10.2015
Abstract
In this thesis, I study the electronic and structural phase diagrams of
the superconducting 122 iron pnictides systems Ba1−xKx(Fe1−yCoy)2As2 and
EuFe2(As1−xPx)2 by means of the local probe techniques 57Fe Mössbauer spec-
troscopy (MS) and muon spin relaxation (µSR). For both isovalent substitution
strategies – Co/K for Fe/Ba and P for As, respectively – the antiferromagnetic Fe
ordering and orthorhombic distortion of the parent compounds BaFe2As2 and
EuFe2As2 are subsequently suppressed with increasing chemical substitution
and superconductivity arises, once long-range and coherent Fe magnetic order
is sufficiently but not entirely suppressed.
For Ba1−xKx(Fe1−yCoy)2As2 in the charge compensated state (x/2 ≈ y), a re-
markably similar suppression of both, the orthorhombic distortion and Fe mag-
netic ordering, as a function of increasing substitution is observed and a linear
relationship between the structural and the magnetic order parameter is found.
Superconductivity is evidenced at intermediate substitution with a maximum
TSC of 15 K coexisting with static magnetic order on a microscopic length scale.
The appearance of superconductivity within the antiferromagnetic state can by
explained by the introduction of disorder due to nonmagnetic impurities to a
system with a constant charge carrier density. Within this model, the experi-
mental findings are compatible with the predicted s± pairing symmetry.
For EuFe2(As1−xPx)2, the results from 57Fe MS and ZF-µSR reveal an intriguing
interplay of the local Eu2+ magnetic moments and the itinerant magnetic Fe mo-
ments due to the competing structures of the iron and europium magnetic sub-
systems. For the investigated single crystals with x=0.19 and 0.28, 57Fe MS evi-
dences the interplay of Fe and Eu magnetism by the observation of a transferred
hyperfine field below TAFMEu at which the Eu subsystem orders into a canted A-
type AFM magnetic structure. Furthermore, an additional temperature depen-
dent out-of-plane tilting of the static Fe hyperfine field is observed below the
onset of static Eu ordering. ZF-µSR shows a strong increase of the local field at
the muon site below TAFMEu ≈ 20 K and a crossover from isotropic to anisotropic
spin-dynamics between 30 and 10 K. The temperature dependence of the spin
dynamics, as derived from the µSR dynamic relaxation rates, are related to a crit-
ical slowing down of Eu-spin fluctuations which extends to even much higher
temperatures (≈ 100 K). They also effect the experimental linewidth observed
in the 57Fe MS experiments. The strong influence of the Eu magnetic order onto
the primary observables in both methods prevents conclusive interpretation of
the experimental data with respect to a putative interplay of Fe magnetism and
superconductivity.
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1. Introduction
In 2008, Kamihara et al. [1] discovered superconductivity in the rare-earth iron-
oxy-pnictide ("iron-pnictide") system LaFeAsO1−xFx with a maximal critical tem-
perature of TSC = 26 K. Within a short time, TSC was raised to values higher than
50 K by replacing the rare-earth element, e.g. in SmFeAsO1−xFx (TSC = 55 K) [2]
or PrFeAsO1−y (TSC = 52 K) [3]. This achievement triggered a renewened excite-
ment in the field of high-temperature superconductivity and more generally in
the field of strongly correlated electron systems, since these systems form the
second comprehensive class of high-temperature superconductors besides the
cuprates. Indeed, beside the so-called 1111 iron pnictides, further more iron-
based superconductors (FeSC) were found and the naming in terms of families
(’11’, ’111’, ’1111’, ’122’, ’22-426’, ...) due to the corresponding stochiometry has
been accepted widely in the comunity.
All these families (’11’ to ’22-426’) have in common a quasi-two-dimensional
layer consisting of a square lattice of iron atoms with tetrahedrally coordinated
bonds to arsenic, phosphorous, selenium or tellurium anions that are staggered
above and below the iron lattice, the so-called "active planar iron layer" [4], FeX-
or FeAs-plane, see Figure 1.1 (left panel). Interestingly, the normal state crystal
structure of the all these families can be derived from a cubic closest packing [5]
beeing prone for supporting superconductivity due to the high symmetry. Re-
lated to these similar structural properties, comparable or even similar electronic
properties are expectable.
Many studies on the electronic and structural properties and phase diagrams of
iron-pnictides were carried out after Hosonos discovery in 2008. Despite all dif-
ferences in the details, there is overall evidence that the appearance of supercon-
ductivity is closely related to the suppression of static long-range Fe AFM stripe-
1
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Figure 1.1.: Crystallographic (left and upper right panel) and magnetic (bottom
right panel) structures for the given representatives of the ’11’ – ’22-
426’ families of iron-pnictides adopted from [4]. The stripe-like order-
ing of the two interpenetrating Fe AFM subattices (containing each 1
Fe atom per unit cell, dashed black square nets) is emphasized by the
red shaded area.
like order (Figure 1.1, right panel), and its accompagnying structural (tetragonal-
to-orthorhombic) phase transition.
Notably, the appearance of superconductivity in iron-pnictides is not, or not
only, related to effective charge doping in the active planar iron layer as isovalent
chemical substituted iron-pnictide-alloys were likewise found to display super-
conductivity, as illustrated exemplarily for Ba-based 122 compunds in Figure 1.2.
In this work, I study isovalent1 materials of the 122 family. Therefore, I will fo-
cus the following introduction to those compounds. Nevertheless, some more
general aspects of the electronic properties of iron-pnictides are briefly presented
in the following. For further reading, the interested reader is refered e.g. to the
review articles by Paglione and Green [4], Johrendt [5], Johnston [6], Canfield [7],
Hirschfeld et al. [8], McGuire [9] and Eremin [10].
1Isovalent with respect to the corresponding parent compound BaFe2As2 and EuFe2As2
2
Figure 1.2.: Compilation of the electronic phase diagrams for electron and
hole doped BaFe2As2 as compared to isovalent substitution in
BaFe2(As1−xPx)2, from Hosono et al. [11].
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1.1. Electronic properties of iron-based
superconductors
Notably, iron-pnictides have a multi-band Fermi surface (FS) since all five Fe 3d
bands cross the Fermi energy (εF) and therefore contribute to the density of states.
Furthermore, the involved bands and associated ’FS pockets’ may have different
shapes and orbital characters.
(a) (b) (c)
Figure 1.3.: (a) Projection of the FeAs layer onto the Fe lattice (similar as in Fig-
ure 1.1, right panel) showing that the alternating pattern of As makes
the correct real space unit cell (=2-Fe unit cell), solid blue line twice
as large as the 1-Fe unit cell, dashed green lines. (b) Corresponding
’unfolded’ 2-Fe Brioullin zone, adopted from [8]. (c) Same schematic
Fermi surface as in (b) showing two circular hole-like pockets cen-
tered around the Γ-point and two elliptical electron-like pockets lo-
cated around the (π, 0) and (0, π) points of the BZ, respectively. Q1
and Q2 represent two nesting wave vectors. Taken from [10]
Generic properties of the electronic structure have been reviewed e.g. by
Hirschfeld et al. [8] and Eremin et al. [10]. They are essentially determined by
the basic crystallographic element on display in Figure 1.3a. From that follows
that the minimal unit cell of the entire FeAs plane is a
√
2a×
√
2a (= ã× ã, blue)
cell and includes two formula units. According to Hirschfeld et al., in "some, but
not all cases the low-energy part of the electronic structure can be ’unfolded’ into a Bril-
louin zone (BZ) which is twice as large, corresponding to the a× a unit cell, so that the
real band structure can be recovered [...]" [8] as illustrated in Figure 1.3 (b) and (c).
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1.1.1. Normal state properties
Despite the large variety of crystal structure and chemical compositions, iron
pnictides in the non-magnetic state can be regarded as correlated, itinerant semi-
metals [12].
The band structure consists of two or more hole bands crossing the Fermi level
near the Γ point and two electron bands crossing the Fermi level, see Figure 1.3c.
Thus, its Fermi surface consists of valence and conduction bands overlapping
in energy but not in momentum [6]. This normal-state property already shows
that the FS is instable against QAF = (0, π) or (π, 0)-nesting2 and therefore the
arrangemant of the static Fe magnetic pattern is dominantly itinerant. This (semi-
)metallic character is experimentally reflected e.g. by the approximate linear slope
of the electrical resistivity. However in contrast to normal metals, for which ρ is
typically 1 . . . 10 µΩ cm, iron pnictides display values which are 103 – 104 times
larger. This observation emphazises the influence of electronic correlations lead-
ing to enhanced scattering of the conduction band electrons which is reflected in
the effective electron mass (mband = 2 . . . 5 me).
Beside this dominant itinerant character found for the ground state and low-
energy spin excitations of the 1111 and 122 iron pnictides3 there is growing ev-
idence for the importance of orbital physics, in particular Hund’s rule coupling
(HRC), for the spin excitation spectra [13–15]. Hund’s coupling results in a "co-
herence to incoherence crossover" in the normal state of iron oxypnictides below a
coherence scale T* [14]. A local (incoherent) component for the characterization
of the Fe 3d electrons alters the itinerant (coherent) character of the iron pnic-
tides in the non-magnetic state if HRC is taken into account. The influence of
the Hund’s coupling is reflected by an enhanced local magnetic susceptibility and
a deviation of the linear slope in the electrical resistivity below the a coherence
scale T*, at which the resistivity drops [ebd.].
2One should note however, that Fermi surfaces have in general rather different shapes so one
may rather speak of ’quasi-nesting’ insted of perfect nesting [8].
3The 11 and 111 compounds have particularly different spin excitation spectra [13]
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1.1.2. Structural, (nematic-) magnetic instabilities,
spin-fluctuations and orbital order
The mechanism and origin of the coupled crystallographic and magnetic insta-
bility of iron pnictides has been derived from modeling the Fe magnetism as a
square net of two larger, interpenetrating square nets, each with simple antiferro-
magnetic ordering as shown in Figure 1.1 (right panel) [16, 17]. This model leads
to a phase at higher temperatures then the static Fe AFM ordering that is reminis-
cent of the nematic phase found in liquid crystals and is typically referred to as
the electronic nematic phase in the layered iron-pnictides [18]. One should note,
that the latter theory has been developed within a model of a strongly coupled,
magnetic Mott insulator which is seemingly in contrast to the semi-metallic char-
acter of iron pnictides. However within an itinerant approach, the existence of a
similar Ising-nematic phase was found as well [19, 20].
In the itinerant picture presented by Fernandes et al. [19], the nature of the
Ising-nematic phase has been interpretated in terms of magnetic fluctuations. As
illustrated in Figure 1.4, the system has two degenerate stripe magnetic ground
states with ordering vectors Q1 = (π, 0) and Q2 = (0, π) decribed by the two
order parameters m1 and m2. At high temperatures notably above the structural
phase transition (T > TS), m1 = m2 = 0 and the fluctuations of each order
parameter have equal strength so that
〈
m21
〉
=
〈
m22
〉
= 0.
The Ising-nematic phase emerges for TN < T < TS when fluctuations associ-
ated with one of the ordering vectors become stronger than the other,
〈
m21
〉
6=〈
m22
〉
= 0, while the corresponding magentic order parameters m1 = m2 = 0
(see Figure 1.4). Since there either
〈
m21
〉
>
〈
m22
〉
or respectively
〈
m21
〉
<
〈
m22
〉
,
the symmetry that breaks down at the Ising-nematic phase transition is a Z2 sym-
metry. Once magnetic fluctuations around Q1 become stronger (or weaker) than
the fluctuations around Q2, the equivalence between the x and y directions inside
the unit cell breaks down. The Ising-nematic transition then triggers the transi-
tion from a tetragonal to an orthorhombic phase, and also imposes orbital order
because the Fermi pockets X and Y centered at (π, 0) and (0, π) have different
orbital character. These two phenomena, orbital- and nematic order, are closely
6
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Figure 1.4.: Fermi surface of a minimalistic four-band model with two hole pock-
ets at the center of the Brillouin zone and two electron pockets X and
Y at Q1 = (π, 0) and Q2 = (0, π) (upper panel) and static mag-
netic susceptibility across the ’folded’ Brillouin zone containing one
Fe atom at different temperatures (lower panels); adopted from [19].
connected since orbital order can exist as a consequence of nematic order and vice
versa [19].
In Figure 1.5, I show ’snapshots’ of the spin arrangement for the involved
magnetic states including nematic order and fluctuating states taken from
McGuire [9]: Gray and black circles represent Fe atoms on the m1 and m2 sublat-
tices, respectively. Arced arrows indicate a freedom to rotate. In (a) and (b), the
structure is orthorhombic, since for any neighboring pair, spins are always par-
allel or antiparallel with corresponding shorter or longer interatomic distances,
respectively. In (c) and (d), the structures are tetragonal, with no time-averaged
correlation between neighboring spins. In (b), all spins rotate together while in
(c), entire sublattices rotate together.
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Figure 1.5.: Spin arrangement ’snapshots’ illustrating (a) static AFM Fe order for
T < TN, (b) nematic order for TN < T < TS, (c) nematic fluctuations
for T & TS and (d) the paramagnetic state for T > TS, see text. Figure
taken from [9].
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1.1.3. Superconducting properties
The appearance of high-temperature superconductivity in close proximity to
(the suppression of) iron magnetic order indicates an unconventional SC pairing
mechanism related to Fe magnetism.
Figure 1.6.: Generic phase diagram of FeSC versus doping from [8]. The sign of
the SC order parameter expected from a 2D spin fluctuation approach
is plotted in false color (red = +, blue = -) for one quadrant of the
Brioullin zone on the Fermi surface. The FS is calculated from the
’full’ five-band model in the unfolded BZ.
Mazin et al. [21] firstly suggested that SC in iron pnictides can result from the nest-
ing of the electron and hole pockets. In this model, Cooper-pairing is mediated
by antiferromagnetic spin fluctuations (at QAF), which requires a sign-change of
the SC order parameter between the different FS pockets as a result of the multi-
band FS topology in iron pnictides. The resulting gap symmery is nodeless and
therefore is refered to as s± superconductivity. In contrast, for high-TSC cuprate
superconductors, this approch leads to d-wave symmetry mainly because only
one conduction band participates in the formation of the superconductivity [21].
According to Fernandes et al. [22] further evidence for s± superconductivity in
iron pnictides is the observation of coexistence of superconductivity and Fe mag-
netic order [23, 24].
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In this context, Hirschfeld et al. [8] point out that in a spin-fluctuation medi-
ated scenario there is no necessity for a fully, isotropic SC gap since the details
of the gap symmetry are predetermined by the details of the underlying Fermi
surface. These may differ intrinsically from compound to compound even within
one family of iron-pnictides or may artificially result from an (over-) simplified
fermiology4. They conclude that superconductivity for hole- and electron 1111
and 122 FeSC can be understood in a closed form within a 2D spin fluctuation
scenario leading to a generic phase diagram shown in Figure 1.6. Differences
in the SC gap are related to the changes of the FS, in particular the influence of
the dxy-dominated hole pocket ("driving the isotropy of the s± state" [8]) on the gap
structure and TSC.
As one can see in Figure 1.6, and discussed in greater detail in [8], non-rigid
changes of the FS are relevant for the overdoped regime in charge doped 1111
and 122 systems. Note, that this relevance becomes even more pronounced for
the stochiometric 111 and 11 FeSC, for which the different orbital character of
the involved bands alters the sc gap strcuture leading e.g. to a more intruiging
"orbital-antiphase pairing symmetry" [13].
A close relation between the electronic properties and the crystal structure was
pointed out firstly by Kuroki et al. [25]. In this work, changes in electronic struc-
ture have been ascribed primarily to the pnictogen height and this observation
worked well within the 1111 family. However this relation appears not to apply
directly in the 122 family presumably as a result of the stronger 3D character of
the FS for the latter systems [8].
4In their words: "Any spin-fluctuation induced interaction with this wave vector, no matter what the
origin of these fluctuations (FS nesting, frustrated superexchange, or anything else) unavoidably leads
to a superconducting state with the opposite signs of the order parameter for the electrons and for the
holes. Depending on the details of the model the ground state maybe isotropic or anisotropic and the
gap magnitudes on the different sheets may be the same or may be different, but the general extended s
symmetry with the sign-reversal of the order parameter (an s± state) is predetermined by the fermiology
and the spin fluctuation wave vector." [8]
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1.1.4. Disorder in multiband superconductors
Besides charge doping, the electronic structure may be affected by disorder re-
lated impurity scattering. Modelling the effect of disorder for iron-pnictides is a
complex issue because of the multiband nature of the Fermi surface. Even in a
conventional two-band superconductor having two different but isotropic gaps,
non-magnetic impurities can either scatter quasiparticles between bands (inter-
band scattering) or within the same band (intraband scattering), see Figure 1.7a.
Thus, the properties of the superconducting state for given type of impurity in
a given host will be characterized by the size and relative strengths of the corre-
sponding effective inter- and an intraband scattering potentials. Interband pro-
Figure 1.7.: Left: Schematic representation of two FS pockets with superconduct-
ing gaps ∆1 and ∆2 of different signs. Interband scattering by im-
purities mixes the two gaps while intraband scattering mixes states
on each pocket, taken from [8]. Right: Predicted phase diagram for a
chemically substituted 122 iron pnictide system assuming that substi-
tution does not affect the carrier density but introduces non-magnetic
impurities with dominant intraband scattering, adopted from [26].
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cesses in this symmetric model "will average the two gaps and can thus lead to some
initial TSC suppression, after which TSC will saturate until localization effects become
important [...]". If the two-band system additionally displays a sign-change (as it
is the case for s± SC) "[...] TSC will eventually be suppressed to zero at a finite critical
concentration as in the theory of scattering by magnetic impurities in a one-band s-wave
system" [8].
In anticipation of the relevance for the study of Ba1−xKx(Fe1−yCoy)2As2 (Chap-
ter 3), I will briefly present an approach for modelling disorder in a multiband
iron pnictide superconductor by Vavilov and Chubukov [26]. They study the
electronic phase diagram of a chemically substituted 122 iron pnictide system as-
suming that substitution does not affect the carrier density but rather introduces
non-magnetic impurities. In their work, a two-band metal with cylindrical FSs
for electron and hole-type excitations were considered for which the cylindrical
FS have circular cross sections of equal radii centered at (0, 0) (hole pocket) and
(0, π) (electron pocket). They show, that the derived phase diagram is actually
the same as for an the electron-doped system using a rigid band scenario: As
substitution increases, the parent-like SDW phase becomes a mixed SC and SDW
phase, then the system becomes a pure s± SC, and at even larger substitution
levels, superconductivity is destroyed by disorder, see Figure 1.7b.
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1.2. Motivation for studying nominally isovalent
iron-pnictide systems
As briefly introduced in Section 1.1.3, the interplay of all electronic degrees of
freedom (charge, spin, orbit) leads to a large variety of the electronic properties
for iron pnictides, in particular the SC gap structure. While for Co and K substi-
tuted BaFe2As2 it is fully gapped at optimal doping, in the underdoped regime
the gap becomes more anisotropic or even nodal for electron and hole doping,
respectively. In contrast, P substitution leads to nodal superconductivity even at
optimal doping [8, p. 38].
It is quite surprising, that the (T-x) phase diagrams of 122 iron pnictides are rather
Figure 1.8.: Temperature-substitution (T-x) phase diagrams of electron-doped
Ba(Fe1−xCox)2As2 [27], hole-doped Ba1−xKxFe2As2 [28] in com-
parison with isovalent substituted Ba(Fe1−xRux)2As2 [29] and
BaFe2(As1−xPx)2 [30].
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similar (see Figure 1.8), despite the fact that the precise role of each substituent
plays in controlling magnetism and/or the appearance of superconductivity is
rather different.
Similar to charge doped 122 compounds, superconductivity emerges only once
the long-range Fe magnetic order and the tetrognal-to-orthorhombic structural
transition is sufficently suppressed. Note, that a much higher substitution (xRu ≥
0.18 and xP ≥ 0.2) for the isovalent compounds is needed compared to electron
doping (e.g. Co substitution for which xCo ≈ 0.05 [27]) in order to sufficiently
suppress TFe and TS.
Besides charge doping related changes of the Fermi surface topology, the ef-
fects of chemical pressure, impurity scattering, disorder and their impact on the
electronic structure as well as the presumably related dichotomy between local-
ized and itinerant physics are still under great discussion [5, 31–35]. The study
of systems with effective isovalency is thus straightforward as it eleminates the
changes of the FS originating by the charge degree of freedom.
1.2.1. Superconductivity in 122 iron-based superconductors
in the absence of effective charge carrier doping and
questions adressed in this thesis
I will limit myself to a few relevant results on isovalent 122 systems in the fol-
lowing. Isovalent chemical substitution of the parent compound BaFe2As2 was
realized by replacing Ba by Sr [36], As by P [30] and Fe by Ru [37].
Starting with the latter, Ba(Fe1−xRux)2As2 turned out to be a suitable system
for studying superconductivity in the absence of charge doping. It can be very
well compared to (charge doped) Ba(Fe1−xCox)2As2 since the only chemical mod-
ifications within the FeAs plane are done on the very same site. Furthermore, the
Co states strongly resemble the Fe 3d states since the effective onsite Coulomb
interaction (Hubbard-U) of Co (Ueff = 1.8± 0.6 eV) and Fe (Ueff = 1.4± 0.6 eV)
is comparable [35]. ARPES studies concluded that the substitution of Fe with Ru
does not significantly affect the Fermi surface [38,39] and therefore a comparision
to Ba(Fe1−xCox)2As2 within a rigid-band model is an appropriate approximation.
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Thus, the effect of disorder can by studied experimentally and be compared to
theory [26].
A similar approach, in which the modifications of the FeAs-plane are limited to
the substitution on the Fe site while maintaining nominal isovalency, is combin-
ing Co and K substitution in the quintary system Ba1−xKx(Fe1−yCoy)2As2 with
x/2 ≈ y. This approach was firstly proposed by Suzuki et al. [40]. In there,
superconductivity was reported for Ba1−xKx(Fe1−yCoy)2As2 with x/2 ≈ y =
0.14− 0.22.
Shortly after beginning my work on this thesis in 2010, we could show in
a previous publication on simoultaneously potassium and cobalt substituted
BaFe2As2 [41] that the concept of effective charge compensation does apply for
this special case. This lead me to the study of the electronic and structural prop-
erties of the 122 iron pnictide system Ba1−xKx(Fe1−yCoy)2As2 in the charge com-
pensated state in greater detail. The results of this study will be presented in
Chapter 3.
In contrast to Ru substituted BaFe2As2, P substitution does not introduce sig-
nificant disorder as concluded from the observation of dHvA signals for 0.41 6
x 6 1 [42,43]. The observation of superconductivity with a maximum TSC of 30 K
in BaFe2(As1−xPx)2 [30] for x ≈ 0.32 has been firstly attributed to chemical pres-
sure caused by the shrinkage of the unit cell volume as motivated by pressure
experiment of BaFe2As2 [44]. However, no SC is found for Ba1−xSrxFe2As2 [36]
despite the observation that the unit cell volume decreases in the same range as
for superconducting BaFe2(As1−xPx)2. According to Rotter et al. [45], this dif-
ferences is related to a "subtle reorganization of the crystal structure, where arsenic
and phosphorous are located on different coordinates" (viz. having different pnictogen
heights). They conclude [ebd.], that P substitution destabilizes the magnetic SDW
ground state by an increase of the iron 3d band widths resulting from Fe-P in-
teraction. The observed simoultaneous contraction of the Fe-As bond lenghts –
beeing a gauge for the ordered magnetic Fe moment – is attributed to be a sec-
ondary effect related to the suppression of magnetism.
The isovalent character of phosphorous substitution in BaFe2(As1−xPx)2 has
been concluded from the absence of electron doping compensation upon simoul-
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taneous Co and P substitution in Ba(Fe1−yCoy)2(As1−xPx)2 [46] and indepently
from transport measurements [47].
Similarly to BaFe2(As1−xPx)2, phosphorous substitution in SrFe2As2 and
EuFe2As2 lead likewise to superconductivity. As compiled in Table 1.1, the max-
imum value for TSC ∼ 30 K does not vary significantly for the different A2+ ions.
Note that, the variation of TmaxSC in SrFe2(As1−xPx)2, was shown to depend on
sample homogeneity and annealing procedures [48].
TFe (x=0) maximum TSC
BaFe2(As1−xPx)2 134 30 K for x ≈ 0.32 [30]
SrFe2(As1−xPx)2 205 26 . . . 35 K for x ≈ 0.35 [48–50]
EuFe2(As1−xPx)2 190 28 K for x ≈ 0.20 [51]
Table 1.1.: Compilation of transition temparatures (TFe, TSC) of phosphorous sub-
stituted AFe2As2 compounds.
For both non-magnetic A-atoms, (Sr and Ba) the P substitution level for which
TmaxSC is found is rather similar (x
max
SC ≈ 0.33) and notably different from that of
the magnetic Eu2+ (xmaxSC ≈ 0.20). Moreover, the SC dome in EuFe2(As1−xPx)2
on display in Figure 1.9 is much narrower as that of BaFe2(As1−xPx)2 and
SrFe2(As1−xPx)2. This has been attributed to the influence of the magnetic or-
dering of the local Eu2+ moments because the SC dome abruptly vanishes as
TSC drops below TEu ≈ 20 K [51]. In addition to the involvement of strong Eu
magnetism for the suppression of superconductivity, the local 4 f magnetic Eu
moments may interact with the itinerant magnetic Fe moments of the iron 3d
conduction band electrons.
At the beginning of my work on this thesis in 2010, the interplay of Fe and Eu
magnetism and its putative connection to the formation and suppression of su-
perconductivity in single crytalline EuFe2(As1−xPx)2 has not been systematically
explored using local probe techniques, notably Mössbauer spectroscopy5.
In order to gain a deeper insight into the microscopic interplay of Fe and Eu
magnetism and its relation to superconductivity, I studied three single crystalline
5Only a short time later, Nowik et al. published a first complementary 57Fe and 151Eu Mössbauer
spectroscopy study on polycrystalline samples of EuFe2(As1−xPx)2 [52]
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Figure 1.9.: Electronic and structural phase diagram of single crystalline
EuFe2(As1−xPx)2 adopted from Jeevan et al. [51]. The gray dotted
lines mark the phosphorous substitution level for the three samples
studied in this thesis, see Chapter 4.
samples as representatives for the three different ground states proposed in the
phase diagram by Jeevan et al. [51, see Figure 1.9]: Firstly, EuFe2(As1−xPx)2 with
x=0.13 displaying Fe and Eu(afm) magnetic order, secondly, x=0.19 displaying
superconductivity and Eu(afm) magnetic order and finally, x=0.28 with an Eu(fm)
ground state6. The results of this study will be presented in Chapter 4.
6Based on the results in [51, see Figure 1.9]. Note, that the phase diagram for EuFe2(As1−xPx)2
presented here has been altered even qualitatively within the last 5 years – see system specific
introduction incChapter 4.
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2.1. Mössbauer spectroscopy
In the following, I will use Mössbauer spectroscopy as a synonym for 57Fe Möss-
bauer spectroscopy, since I only performed experiments on this specific nucleus.
If I refer to a different Mössbauer isotope or to a more general concept, I will point
this out explicitly. This involves particularly chapter 4 in which results from my
study on the iron-pnictide system EuFe2(As1−xPx)2 are beeing discussed in the
context of complementary studies using 151Eu Mössbauer spectroscopy.
2.1.1. Static hyperfine interaction
The hyperfine structure results from the interactions of a probe nucleus with its
surrounding electro-magnetic potential. Reversely, by evaluating the hyperfine
patterns of the probed nucleus, one can extract information about its electro-
magnetic environment. For (effectively) static electric and magnetic interactions,
this leads to a shifting and/or splitting of Mössbauer hyperfine patterns. In this
section, the most important effects onto the Mössbauer spectrum are presented
for the 57Fe nucleus, albeit the basic concepts are similar for arbitrary Mössbauer
nuclei. A quite comprehensive discussion of static hyperfine interactions in Möss-
bauer spectroscopy was carried out by D. Barb [53] from which most of the fol-
lowing derivation is. I also recomment other books on Mössbauer spectroscopy
e.g. those written by C. Yi-Long and Y. De-Ping, [54], G. Schatz, A. Weidinger and
M. Deicher [55] or N.C. Greenwood and T.C. Gibb [56].
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Electric interaction:
Isomer shift and quadrupole splitting
Following [55] and starting within a point-charge model, the hyperfine interac-
tion of the nucleus arises due to the surrounding electric charges which are rep-
resented by their potential Φ(~x). The energy for a given (nuclear) charge distri-
bution ρ(~x) in this potential is given by
Eel =
∫
ρ(~x) Φ(~x) d~x (2.1)
Here,
∫
ρ(~x) d~x = Ze is the nuclear charge with Z beeing the proton number.
Since the mean electron radius is much greater than nuclear radii, Φ(~x) can by
developed by its Taylor expansion at the nucleus site (~x = 0):
Φ(~x) = Φ0 +
3
∑
α=1
(
∂Φ
∂xα
)
xα +
1
2 ∑
α,β
(
∂2Φ
∂xα∂xβ
)
xα xβ +O(~x3) (2.2)
Inserting Eq. (2.2) in (2.1) and sorting in terms according to their orders in ~x leads
to
Eel = E(0)
(
~x0
)
+ E(1)
(
~x1
)
+ E(2)
(
~x2
)
+ . . . (2.3)
which can be interpreted in terms of energy gain with respect to a free, point-like
nucleus:
- E(0) represents the on-site Coulomb potential for a point-charge-like nu-
cleus due to the surrounding charges. It contributes therefore to the abso-
lute value of the total potential energy but in the context of Mössbauer spec-
troscopy one can neglect this "arbitrary constant" since one is interested in
the relative change of the hyperfine patterns.
- E(1) represents the dipole-dipole interaction of the nuclear dipole moment
and the electric field ~E = −∇Φ at the nucleus. The quantum-mechanical
expectation value is zero because of the well-defined parity for the specific
nuclear states [53].
- E(2) represents the energy gain due the finite size of the nuclear charge dis-
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tributon ρ(~x) an its interaction with Φ(~x).
Since E(0) and E(1) are neglected for the above mentioned reasons, only E(2) is of
interest here and is discussed in more detail in the following.
The symmetrical 3× 3-matrix in
E(2) =
1
2 ∑
α,β
(
∂2Φ
∂xα∂xβ
) ∫
ρ(~x) xα xβ d~x , (2.4)
can be transformed by a rotation into the diagonal matrix Φαα. Herefore, ~x is
decomposed into radial (r2 = x2 + y2 + z2) and angular components and Eq. (2.4)
can be rewritten in the form
E(2) =
1
6 ∑α
Φαα
∫
ρ(~x) r2 d~x︸ ︷︷ ︸ +
1
2 ∑
α,β
Φαβ
∫
ρ(~x)
(
xαxβ −
r2
3
)
d~x︸ ︷︷ ︸
=⇒ Eel = EC + EQ
(2.5)
Chemical isomer shift, "external" Doppler effect
Due to the Poisson equation
(∆Φ)0 = ∑
α
Φαα =
(
∂Φ
∂xα
)
0
=
e
ε0
|Ψ(0)|2, (2.6)
only electrons with a finite expectation value at the nucleus site |Ψ(0)|2 can con-
tribute to the first summand EC in Eq. (2.5). This is the case for spherical sym-
metric electron distributions (s-electrons). Then the square distance r2 is related
to the mean square radius of the nucleus via
〈
r2
〉
:=
1
Ze
∫
ρ(~x) r2 d~x. (2.7)
Inserting Eqs. (2.6) and (2.7) in Eq. (2.5), EC takes the form
EC =
Ze2
6ε0
|Ψ(0)|2
〈
r2
〉
(2.8)
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Figure 2.1.: Scetch of the energy level sheme of the 57Fe nucleus in the excited
(I=3/2) and ground (I=1/2) state. The difference of the γ-transition
energies EI for the source (left, index s) and the absorber (right, index
a) results in the chemical shift δC = c/E0 (EsI − EaI ). Figure adopted
from M. Kraken [57].
This monopole energy shifts the energy levels of the excited (index e) and the
ground state (index g) 57Fe nucleus differently because
〈
r2e
〉
and
〈
r2g
〉
are not
equal. A scetch of the energy level scheme is drawn in Figure 2.1. The differ-
ence between the energy levels EC,e and EC,g is
EI = E0 +
Ze2
6ε0
|Ψ(0)|2
(〈
r2e
〉
−
〈
r2g
〉)
(2.9)
Here, E0 = 14.4 keV is the energy for the γ-transition of a free 57Fe nucleus. In an
experiment where the absorber is at rest while the source is beeing moved with a
velocity v relatively to it, Eq. (2.9) is valid for both, source (EsI) and the absorber
(EaI ). The velocity correction for E
s
I due to the "external" linear Doppler effect is
E0 7→ E0 · (1 + v/c). The energy of the γ-quanta emitted by the source is hence
EsI(v) = E0
(
1 +
v
c
)
+
Ze2
6ε0
|Ψs(0)|2
(〈
r2e
〉
−
〈
r2g
〉)
(2.10)
The same accounts for the absorber for which v = 0 (the absorber is at rest).
Assuming that the mean square radius of the excited and ground state is an in-
trinsic constant of the 57Fe nucleus and therefore the same for the source and the
absorber, a Mössbauer resonance line centered at v = δC can be observed under
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the resonant condition Ea = Es(v = δC) yielding
δC =
c
E0
(EsI − EaI )
= Ze
2c
E06ε0
(
|Ψa(0)|2 − |Ψs(0)|2
) (〈
r2e
〉
−
〈
r2g
〉) (2.11)
for the chemical shift δC.
Since the chemical shift is a measure of the electron density at the nucleus, δC
provides e.g. information on the charge state of the atom.
Second-order Doppler (SOD) shift, "internal" Doppler effect
In addition to the potential energy (Eq. 2.8), the energy of the emitted γ-quanta
also depends on the linear momentum of the nucleus at the time of the γ-
emission. For a nucleus within a solid, the latter is given by its oscillatory move-
ment in the lattice potential which is represented by the corresponding velocity
vlat. The kinetic energy Ekin can be written in terms of a internal1 Doppler energy
with respect to center position of the nucleus:
Ekin(v) = E0
(
1± 〈vlat〉
c
±
〈
v2lat
〉
2c2
± . . .
)
(2.12)
While the linear term is zero, the quadratic term is finite. Since the photon en-
ergy is increased if the source is moved towards the absorber, the Mössbauer
resonance line centered at v = δC is additionally shifted by
δR ∝
1
c
{〈
(vslat)
2
〉
−
〈
(valat)
2
〉}
. (2.13)
One can see that δR depends on the temperature difference between the absorber
and the source due to the intimely correlation of
〈
v2lat
(
〉 and lattice excitations
(phonons) and is accordingly a function of temperature. For the 57Fe nucleus in
metallic iron (and -alloys) in the high temperature limit (T > θD), an estimation
of the second-order Doppler shift nusing Dulong-Petit’s law yields 0.1 mm/s for
1the attribute "internal" is used for a better discriminaion of the underlying physical orign com-
pared to the "external" Doppler energy due the movement of the source
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∆T ≈ 200 K [55]. A more detailed treatment of the temperature dependence of δR
within the Debye-approximation for phonons also includes the low temperature
regime (T < θD) and yields [53]
δR(T) = −
9
16
kBθD
Meffc
{
1 + 8
[
T
θD
]4 ∫ T/θD
0
x3
ex − 1 dx
}
(2.14)
Here, Meff denotes the effective mass of the 57Fe nucleus and θD the Debye tem-
perature in the absorber (sample).
Interpretation of the experimentally observed isomer shift
The observed position of the resonance line is the isomer shift δ. It consists of the
sum of the chemical shift δC as derived from the monopole energy EC, Eq. (2.11),
and the shift due to the second-order Doppler effect δR(T), Eq. (2.14):
δ(T) = δC + δR(T) (2.15)
Experimental values for δ(T) must be given relative to a standard (typically α-Fe
or SNP) and have to be corrected for the isomer shift of the specific source one
uses.
I want to emphazise, that δR(T) is not related to the static potential Φ(~x). How-
ever, it also effects the Mössbauer spectrum similarly. A separation of the in-
volved components offers the opportunity to study the properties of the lattice
dynamics from the temperature dependence of the measured isomer shift. For
further details, the interested reader is referred to [54, 56].
In contrast to δR(T), the chemical shift δC is explicitly related to static po-
tential Φ(~x). Therefore, at low enough temperatures where the effect of the
second order Doppler effect is negligible (T/θ . 0.2) the isomer shift δ is a
direct measure of the electron density at the nucleus. Both aspects will be-
come important for the interpretation of the different low temperature values of
δ(T = 4.2 K) in Ba1−xKx(Fe1−yCoy)2As2 and the overall temperature dependence
δ(T) in EuFe2(As1−xPx)2.
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Quadrupole splitting
Adopting the notation by D. Barb [53], the second summand EQ from Eq. (2.5)
can be rewritten in the form:
EQ = 16 ∑α,β Vαβ
∫
ρ(~r)
(
3xαxβ − r2
)
dτ (2.16)
Essentially, except for a factor 1/e, the integral equates to the quadrupole moment
of the nucleus and Eq. (2.16) apperars to be a simple product of the electric field
gradient (EFG) and the nuclear quadrupole moment. However, one has to keep
in mind that both quantities are tensors and tensor-operators respectively. An
outright, quantum-mechanical treatement starting from Eq. (2.16) making use of
the mighty Wigner-Eckhart-Theorem for this problem is given in [53, p. 112].
Here, the local coordinate system is chosen in way that the EFG tensor becomes
diagonal and furthermore, by convention: |Vzz| ≥ |Vyy| ≥ |Vxx|. Since ∑ Φαα = 0
(Poisson equation), two parameters describe the EFG tensor completely. Result-
ing from the above mentioned convention, these are the principal EFG compo-
nent Vzz2 and the asymmetry parameter η defined by
∣∣Vxx −Vyy∣∣ /Vzz. This set
of parameter implicitely defines the quantisation axis of the angular momentum
operator Î to be the z-axis of the EFG. Using the ladder operators I± = Ix ± i Iy,
the quadrupolar hyperfine Hamiltonian takes the form
HhfQ =
e Q Vzz
4I (2I − 1)
[
3I2z − I2 +
η
2
(
I2+ + I
2
−
)]
(2.17)
Often, the EFG has an axial symmetry (η = 0) and hence the corresponding eigen-
values ofHhfQ are
EQ =
3m2 − I(I + 1)
4I(2I − 1) e Q Vzz =
(
3m2 − I(I + 1)
)
ωQ h̄ (2.18)
From the square dependency of m in Eq. (2.18) follows that the excited state (I =
3/2) of the 57Fe nucleus splits into 2 two-fold degenerated sublevels while the
2In some literature, the principle EFG tensor component Vzz is defined as Vzz ≡ eq and accord-
ingly eQVzz = e2qQ in Eq. (2.18)
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ground state (I = 1/2) does not split. This leads to two Mössbauer resonances in
a spectrum which have symmetric line positions with respect to the isomer shift
value as illustrated in Fig. 2.2. For η = 0, the relative line intensities II of this
two Mössbauer resonances depend only the angle θγ between the principle EFG
tensor component Vzz and the direction of the incident γ-radiation:
I3/2
I1/2
=
1 + cos2 θγ
2/3 + sin2 θγ
(2.19)
For a more general expression see e.g. [54, p. 48]. In the case of polycrystalline
samples, both transition lines have equal intensity due to spatial averaging over
θγ.
I
3
2
1
2
mI
± 32
± 12
± 12
(a) |3/2, i〉 7→ |1/2, j〉-transitions
mm
s
counts
0
(b) corresponding two-line pattern
Figure 2.2.: (a) Scetch of the 57Fe nucleus energy level sheme in the presence
of pure quadrupolar interaction and allowed transistions. (b) Cor-
responding transition lines in a Mössbauer spectrum of a polycrys-
talline sample (δ arbitrarily set to zero).
26
2.1. Mössbauer spectroscopy
I
3
2
1
2
mI
+ 32
+ 12
− 32
− 12
+ 12
− 12
(a) M1-transitions for 57Fe
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(b) corresponding six-line spectrum
Figure 2.3.: Scetch of the energy level scheme of the 57Fe nucleus in the presence
of pure magnetic hyperfine interaction (a) and corresponding Möss-
bauer spectrum for a polycrystalline sample (b).
Magnetic interaction: nuclear Zeeman-splitting
Due to its finite dipole moment ~µ, the 57Fe nucleus interacts with a magnetic field
at the nucleus site. Irrespective of the orign3 of ~H, the hyperfine Hamiltonian is
given by [53]:
Hhfmag = −~µ ~H = −γ Î ~H (2.20)
Here, γ = gI µN/h̄ is the gyromagnetic ratio using the Landé factor gI and the
nuclear magneton µN. Î is the nuclear angular momentum operator. For pure
magnetic interaction, one can set the z-axis of the local coordinate system parallel
to the magnetic field (~H = (0, 0, Hz)) which also defines the quantisation axis
for Î. The magnetic degenaracy of the nuclear energy levels is lifted and the
3Following [54], ~H is considered to be the effective field consisting of local and hyperfine inter-
action contributions ~H ≡ ~Heff = ~Hloc + ~Hhf. Here, ~Hloc is the sum of an external field, the
demagnetization field and Lorentz field. ~Hhf is the sum of the Fermi contact field, the orbital
field and and the dipole field, produced by the total spin magnetic moment of the valence
electrons. For 57Fe, the Fermi contact field is typically the dominant part and therefore I use
"hyperfine field" as a synonym for "effective field" in this work. For rare earth Mössbauer
nuclei however, other contributions in particular the orbital field becomes more pronounced.
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Eigenvalues ofHhfmag for a given I are
Emag =
〈
I, m | − Î ~H | I, m
〉
= −gI µn Hz m
(2.21)
The energy levels for the fully degenerated excited I = 3/2 and ground state I =
1/2 split into (2I + 1) equidistant magnetic sublevels and six M1 (∆m = 0,±1)
transitions –or Mössbauer resonances– from the excited to the grouond state are
allowed as illustrated in Figure 2.3.
The relative intensities of these Mössbauer resonances depend on the solid
angle (θγ, φγ) between the magnetic field and the direction of the incident γ-
radiation, viz. its k-vector and moreover its polarisation. A detailed treatement
of this topic is given in [53], a short review about the most important cases in [54,
p. 52]. For polycrystalline samples, one obtains the well-known intensity ratio of
3:2:1:1:2:3 due to spatial averaging over θγ and φγ.
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Combined magnetic and quadrupolar hyperfine interaction
In presence of both, quadrupolar and magnetic hyperfine interaction, the analysis
of the Mössbauer resonanes (i.e. the calculation of the matrix transfer elements)
is more complicated. Firstly, since both, the excited and the ground state of the
Mössbauer nucleus are fully degenerated and secondly, the magnetic m-sublevels
for a given I are pertubated by the quadrupolar interaction or vice versa. Hence,
the Eigenstates of the full static hyperfine Hamiltonian (FSH)
Hhffull = Hhfmag +HhfQ (2.22)
are mixed states of the former (magnetic) m-substates – in easier words this
means that for I > 1/2, m is no good quantum number any longer. The calcula-
tion of the Eigenstates ofHhffull is therefore a non-trivial task and became subject of
intense research in the "early days" of Mössbauer spectroscopy (1960’s and 70’s)
– in particular for the 57Fe nucleus, as e.g. nicely reviewed by Yi-Long Chen and
De-Ping Yang [54, p. 56].
The underlying difficulty in the presence of combined interaction is that one
has to define a common quantisation axis for the angular momentum operators
of the two individual coordinate systems of the EFG and the hyperfine field. By
convention, one choses Iz parallel to the principal component of the EFG tensor
(see equation 2.17 in section 2.1.1) and rewrites Hhfmag (2.20) in terms of ladder
operators for I for this particular base. The full static hyperfine Hamiltonian (2.22)
then takes the following form [54]:
Hhffull =
{
3I2z − I2 + η2
(
I2+ + I2−
)}
× e Q Vzz4I(2I−1)
−
{
Iz cos θH +
[
1
2 (I+ + I−) cos ΦH +
1
2 (I+ − I−) sin ΦH
]
sin θH
}
× gI µN H
(2.23)
The second summand shows nicely that the pertubation of the former m-
substates depends on the relativ orientation of the hyperfine field and the EFG
which is defined by the corresponding polar θH and azymuthal ΦH angles in the
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EFG tensor principal axis system.
One should note that if θH = η = 0, the off-diagonal elements (
 I+, I−) in
both summands vanish andHhffull is already diagonal in the basis of unpertubated
m-substates (meaning that in this particular case m is a good quantum number
again). An analytical solution for the Eigenstates of Hhffull (2.23) was also derived
for the case in which electric quadrupolar interaction is much weaker than mag-
netic diplor interaction using first-order pertubation theory (FOPT)4. Here, the
electric interaction results in an effective (quadrupolar) shift of the magnetic m-
substates with respect to pure magnetic interaction so that the pertubated Hhffull
can be also analytically solved in the same basis {I, m} as the unpertubated, mag-
netic Hamiltonian (2.21).
2.1.2. Importance for an (quasi-)analytical solution of the full
static hyperfine field Hamiltonian
In anticipation of the following discussion of hyperfine field distributions, it is
important to stress the significance of an analytically method for the determi-
nation of the Eigenvalues and Eigenvectors: Only if such an analytical solution
exists for both the ground state and the excited state, the transition energies (line
position) and the transition propabilities (line intensities) can be uniquely refered
to a set of hyperfine variables X = {CS, Vzz, η, H, θH, ΦH, θγ = β, Φγ = α} in a
closed form.
Alternatively, following Häggströms procedure, one has to numerically deter-
mine the Eigenvalues ofHhffull, construct the corresponding Eigenvectors and from
that calculate the relative transition probabilities, see [54, p.57 ff.]. This is in prin-
ciple a straight-forward procedure and only for historical reasons – Häggström
firstly gave an analytical solution of the secular equation in 1975 [58] – fitting
routines using the FOPT approximation are still in use today. This fact is presum-
ably owed to the limits of computing machines and fitting algorithms in the late
1970’s and 1980’s but also to the observation that in many magnetic materials, the
4The interested reader is (again) refered to the good old book by Danila Barb [53, p.188 ff.] for an
exhaustive description on this issue.
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quadrupolar interaction is indeed small compared to magnetic interaction and a
FOPT for tractingHhffull is quite acceptable.
However, electric quadrupolar interaction is not always necessarily small and
furthermore if distributions of CS, Vzz or H (or combinations of those) arise due
intrinsic physics of a system, the underlying exact line shape for a given set of
hyperfine parameters becomes of crucial importance for the determination of the
"true" distribution. In this context, R.A. Brand extended the pertubative treate-
ment of Hhffull to higher order pertubation theory (HOPT), discussing the prob-
lems of the line intensities arising from FOPT in the context of asymmetric line
broadening observed in the research area of amorphous alloys [59, 1987]. He also
compared the simulated spectra using HOPT with those obtained from an analyt-
ical expression for the Mössbauer line shape in the presence of mixed hyperfine
interactions derived by N. Blaes et al., [60, 1985] by the superoperator technique.
As illustrated in [59], the line intensities differ notably for small magentic fields
and in particular the simulated spectra become artificially asymmetric.
2.1.3. Hyperfine field distributions
In the last section, the magnetic interaction of the 57Fe Mössbauer nucleus leading
to the well-known six-line pattern in the Mössbauer spectra has implied a unique
local hyperfine field at the nucleus site. In a real material, the measured local
field is the absolute value of the ensemble average of all individual local fields
~Hloc measured on each 57Fe nuclei. Thus a more general expression is given in
terms of a propability density with respect to the quantisation axis~ez:
H = ~H ~ez =
∫
P(~Hloc) d~Hloc ~ez (2.24)
For a uniform local hyperfine field along the quantisation axis, P(~Hloc) is an delta-
function, so one recovers H = ~H ·~ez = Hz as motivated in Section 2.1.1. However
due to the finite life-time of the resonant γ-absorption and re-emission process,
each Mössbauer resonance line is equally Lorentzian broadened. In the easiest
realistic case, P(~Hloc) becomes a Lorentzian distribution centered at H with a
linewidth depending on the specific γ-source and absorber one uses defining the
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so-called experimental linewidth. For this case, the hyperfine field is called "well-
defined".5
Generally, from Eq. (2.24) one can see that a deviation from the Lorentzian dis-
tribution occurs if the amplitude and/or the direction (with respect to the quan-
tisation axis) of the local field vary from one iron site to the next. Note firstly, that
the latter case can be mapped to the first so one can reduce P(~H) to P(Hz) – or
discarding the index refering to the quantisation axis to P(H). Secondly, every
field distribution in an axial-symmetric system as defined in section 2.1.1 must
be symmetric to H=0 in the absence of explicit symmetry-breaking forces (such
as an external applied magnetic field) since the measured quantity is the absolute
value of the local hyperfine field projection onto the quantisation axis. Therefore,
a field distribution is typically expressed as P(H) for 0 ≤ H ≤ Hmax. If a field
(propability) distribution P(H) differing from the above defined Lorentzian dis-
tribution is necessary to appropriately describe a Mössbauer spectrum, then the
hyperfine field is called "not well-defined" in the following.
For the (re-)construction of a Mössbauer spectrum S(v), one must take into
account also the action of all other hyperfine parameters X besides H6 and their
interaction with H. The more general expression for the lineshape of a Mössbauer
spectrum is then given by:
S∞ − S(v)
S∞
= D
∫
P(H) F(v, H,X )dH (2.25)
Here, S∞ = I0 is the number of background counts far from resonance, S(v)
the number of counts at the Doppler velocity v and D = A the relative depth
or spectral area (related to the Debye-Waller-factor f ∝ A/I0). F(v, H,X ) is the
elementary n-tuplet line shape for a given H.
Two remarks on the notation:
(1) Beside that P(H) is the most general expression for a field (propability) dis-
tribution, other namings are used in literature to emphasize the specific orign of
5Note, that a Mössbauer specrum can consist of multiple subspectra each displaying a well-
defined hyperfine field. This could be for instance due to the existence of structural inequiva-
lent Fe sites.
6For the FSH, X = {CS, Vzz, η, θH , ΦH , θγ, Φγ}
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the given distribution. For example in [61], "W(B)" (W for Spin-Density-Wave)
is used to emphasize that the hyperfine field distribution is calculated from an a
priori defined function.
(2) "H" and "B" are often used in an arbitray fashion but almost always in units of
T – strictly correct would be to use only B or µ0H if the field is expressed in Tesla.
The strict reader will probably find similar notation inconsistencies in this thesis
allthough I try not to mix "H" and "B".
2.1.4. Spectral analysis methods in the presence of
hyperfine field distributions
Many approaches were proposed in order to extract hyperfine field distributions
(HFD) from overlapped magnetic Mössbauer spectra if a full static Hamiltonian
analysis failes to describe a spectrum with a well-defined field or can only mod-
erately reproduce it with a significantly enhanced linewidth. One has essentially
to distinguish between two different approaches: Firstly, approaches without a
priori assumptions about the HFD shape and secondly, approaches for which the
shape of the HFD is explicitly given by a specific physical model. I will call the
former "deductive approaches" and the latter "inductive approaches".
The prototypes for the deductive approaches are the Hesse-Rübartsch-method
(HR) [62] or the related constrainted Hesse-Rübartsch-method (cHR) [63]. Here,
one choses a maximum field value Hmax and given number of sampling points
for 0 ≤ H ≤ Hmax. Each sampling point i in field space Hi adds a contribution
0 ≤ |Pi(Hi)| ≤ 1 to the field distribution P(H). For HR, Pi(Hi) can be nega-
tive while for cHR Pi(Hi) is strictly positive. The Mössbauer specrum is accord-
ingly construced from i subspectra weighted by Pi leading to arbitrarily many
possibilities for P(H). The "correct" field distribution is found by a Langangian
formalism which constrains P(H) to a given smoothness between neighbouring
sampling points including in a χ2-fit algorithm. The smoothing factor λHR using
a HR approch acts locally on P(H).
The maximum entropy method (MEM) [64, 65] follows a pursuant approach.
However the smoothing of P(H) using MEM is performed simoulteaneously for
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the complete ensemble of sampling points. In other words, the smoothing factor
λMEM acts globally on P(H).
Various more deductive approaches have been developed in the study of
magnetic amorphous alloys as critically reviewed e.g. by Le Caër et al.
[66, 67]. Note in anticipation of the analysis of 57Fe Mössbauer spectra of
Ba1−xKx(Fe1−yCoy)2As2 (chapter 3), that herein also the widely used approach
of a Gaussian broadened hyperfine field, the so called "Voigt-Profile" [68, 69], is
also discussed.
No prototype for the inductive approaches can be expresssed since there are
probably as much models as (complex) magnetic structures in Mössbauer nuclei
containing materials exsist. Each will result in a specific HFD shape in close re-
lation to the crystallographic structure such as f. ex. the helimagnet FeAs [70].
The most prominent hyperfine field distriution used in Mössbauer spectroscopy
might be the well-known Overhauser line profile
P(H) =
1
π
(
H2max − H2
)−1/2
(2.26)
which was derived for dilute paramagnetic spins interacting with an existing
SDW by s-d exchange interaction in copper alloys [71, 72].
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2.2. Muon spin relaxation and rotation
In this thesis, only a brief introduction to the basic concepts of time differen-
tial muon spin relaxation and rotation (µSR) in condensed-matter physics will
be given. Since for this work, my colleagues an me used standard procedures
while performing the experiments, I will only briefly describe how a µSR time-
spectrum is obtained (allthough this includes muon production, decay and im-
plantation/interaction in the sample as well as the enormous and costly experi-
mental efforts) starting at the point where the muon-decay positron is beeing de-
tected. Additionally, the derivation of the used depolarization functions P(t) for
my analysis of the µSR time-spectra will be kept to a minimum since a straight-
forward approach for studying magnetism and superconductivity is sufficient to
describe the measured data appropriately.
The interested reader may refer to the books of Schatz and Weidinger [55],
Yaouanc and de Réotier [73], and Schenk [74] as well as to review articles e.g. by
Sonier et al. [75], de Réotier and Yaouanc [76] or Rodunier et al. [77]. I also recom-
mend the excellent introductions of the µSR technique in the context of strongly
correlated electron systems and iron-based superconductors in the Ph.D. theses
of my former colleagues J. Spehling [78] and H. Maeter [79] which are both good
starting points for further reading.
2.2.1. The µSR experiment in a nutshell
For a time differential µSR experiment, the observable is the spatial and time-
resolved detection of a muon-decay positron. Following [74, 79], this is done by
a pair of opposite positron detectors. Each of it measure a time histogram and
these histograms contain the time dependence of the positron detection rate. The
normalized difference of the histograms of two opposite detectors (see Eq. (2.9)
in [79]), is defined as asymmetry A(t):
A(t) = A0 · ~P(t)~r0 (2.27)
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Here, A0 is the maximum asymmetry of a real detector, ~P(t) is the muon spin
polarization and~r0 the unit vector pointing from the muon-site to the detector.
Note, that ~P(t) reflects the magnetic interaction of the muon with the sample
caused by a local magnetic field ~Bloc at the muon stopping site. It thus provides
information about the physical properties of the sample measured on a micro-
scopic lenghtscale.
Since muons stop randomly at interstitial lattice sites, the asymmetry (2.27) is
the ensemble average of the spatial variation of the local field ~Bloc. Therefore on
can also express ~P(t) in terms of a propability density p(~Bloc) [76]
~P(t) =
∫
~P′(t,~Bloc)p(~Bloc)d~Bloc (2.28)
where ~P′(t,~Bloc) is the local muon spin polarization. If the local magnetic field
has two or more independent sources, then its total propability density p is a
convolution of the individual distributions pi [79]:
p(~Bloc) = (p1 ∗ p2) =
∫
p1
(
~b
)
p2
(
~Bloc −~b
)
d~b (2.29)
Therfore, it is –in general– challenging to calculate or compute the muon spin
polarization ~P(t) for an arbitrary probability distribution of local magnetic fields
from Eq. (2.28). However, for a lot of specific problems, correspondant muon spin
depolarization functions P(t) can be derived even analytically and implemented
in a powerful and user-friendly framework for µSR data analysis, called Musr-
fit [80]. In section 2.2.2, I will summarize the most relevant expressions of the
muon-spin depolarization function P(t) for this work. P(t) is defined according
to Eq. (2.27) by
P(t) = A−10 ~P(t)~r0 (2.30)
In an µSR experiment, one differenciates between two elemantary geometries
in the experimental setup as shown in Fig. 2.4: Transverse-field (TF) and
longitudinal-field (LF) geometry7. A Zero-field (ZF) experiment is carried out
7The naming is due to the relative orientation of the local field with respect to the axis of the
initial muon beam (and spin polarization)
36
2.2. Muon spin relaxation and rotation
Figure 2.4.: Sketch of a time differential µSR experiment in transverse-field (left)
and longitudinal/zero-field (right) geometry. Picture credits by
J. Sonier [81].
in LF geometry with ~BLF = 0.
Using standard notation for the laboratory frame (x, y, z), the projection P(t)
of ~P(t) for a given geometry is given by [78]:
PTF(t) = Gx,y(t,~BTF) cos
(
ωµt + φ0
)
(2.31)
PZF(t) = Gz(t,~BLF = 0) (2.32)
PLF(t) = Gz(t,~BLF 6= 0) (2.33)
In Eq. (2.31), ωµ = γµ 〈Bloc〉 is the Larmor-precession frequency and φ0 indicates
the angle between the detector symmetry-axis and the initial muon spin polar-
ization. Note, that ~BTF and ~BTF are external applied fields. The influence of an
internal field ~Bloc e.g. due to nuclear magnetic dipoles or due to itinerant magnetic
ordering (=spin polarization of the conduction electrons) is explicitely reflected
in the time dependence of the relaxation function G(t,~Bext), see Sec. 2.2.2. The
geometry of a µSR experiment depends on the topic, that one likes to study:
• TF-µSR experiments are carried out for determining the magnetic volume
fraction in (partially) magnetically ordered samples or for studying the su-
perconducting properties of a type-II superconductor. It can also be used
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to for the determination of potential muon-stopping sites. The first issue,
determining the magnetic volume by TF-µSR, is in particular important for
single crystals since ZF-µSR cannot conclusively provide this information.
• ZF-µSR experiments are important for studying the magnetic ground state
of a sample. As for Mössbauer spectroscopy and in contrast to NMR, ESR or
macroscopic magnetization experiments, no external field has to be applied
which may directly affect the properties of the spin ensemble. For polycrys-
talline samples, on can also determine the magnetic volume fraction.
• LF-µSR experiments can by performed in order to study the properties
of a magnetically ordered sample in more detail, since it allows to sep-
arate dynamic and static components to the relaxation of the muon spin
polarization. In the paramagetic state of magnetically ordering materials
(T > TC), one probes the Fourrier transform of the dynamic spin-spin auto-
correlation function by measuring the field dependence of the muon-spin
relaxation [78].
This list is not complete, yet it shows the versatililty and mightyness of the µSR
technique in the study of condensed matter physics.
2.2.2. µSR depolarization functions
As mentioned above, the functional form of ~P(t) in Eq. (2.28) yields information
about the underlying physical properties of the investigated sample. For a given
geometry, these properties are reflected by the corresponding relaxation function
G(t) in Eqs. (2.31)-(2.33). In the following, I will shortly introduce the depolariza-
tion functions and their physical orign, which are relevant for this work.
(a) Randomly oriented static magnetic moments
Randomly oriented static magnetic moments can be caused by either a nuclear
magnetic moment or an electronic magnetic moment. Example for the latter are
paramagnetic moments due to the electronic configuration of a sample or (mag-
netic) impurities. However completely different in their orign, all magnetic mo-
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ments effectively have the same action onto the local field contribution at the
muon site and accordingly contribute similar to p(~Bloc) in Eq. (2.28). For the
derivation of the correspondant relaxation function, one has to differenciate be-
tween a dense and a dilute system of randomly orientated static magnetic mo-
ments. In the absence of an external applied field one obtains for a dense system
the well-known static Gaussian Kubo-Toyabe function [82]:
GGKTz (t) =
1
3
+
2
3
(
1− ∆2t2
)
exp
[
−1
2
∆2t2
]
(2.34)
In the case of a dilute system of randomly orientated static moments and the
absence of an external field, the corresponding relaxation function takes the form
of the static Lorentz Kubo-Toyabe function [82]:
GLKTz (t) =
1
3
+
2
3
(1− λt) exp [−λt] (2.35)
In (2.34) and (2.35), ∆ and λ represent the finite static Gaussian and Lorentzian
linewiths of the field distribution p(Bloc) while the average local field 〈Bloc〉 =
0 in both cases. Therefore, no coherent spontaneous muon-spin precession is
observed.
If both, dense and dilute magnetic moments are present in the system and the
static linewidths are comparable in magnitude and in theirs correlation times,
the relaxation function is a convolution of Lorentzian and Gaussian contribution
to the static linewidth and takes the form of the so-called Lorentz-Gauss Kubo-
Toyabe function:
GLGKTz (t) =
1
3
+
2
3
(
1− λt− ∆2t2
)
exp
[
−λt− 1
2
∆2t2
]
(2.36)
The Lorentz-Gauss Kubo-Toyabe function (2.36) is used for charge compensated
Ba1−xKx(Fe1−yCoy)2As2 in the paramagnetic state (see Section 3.4)
Note, that the fraction of 1/3 (
 z) and 2/3 (
 x, y) is due to spatial averag-
ing of the randomly orientated magnetic moments, so Eqs. (2.34)–(2.36) hold for
polycrystalline and single crystalline samples.
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(b) Magnetic order
The most simple case one can assume in order to derive the µSR relaxation func-
tion for a magnetically ordered material is to assume an ideal crystal lattice and
a commensurate magnetic structure for a polycrystalline sample. Then, adopt-
ing from H. Maeter [79], the electronic magnetic moments create a well-defined,
discrete magnetic field ~B0 at the muon site and the propability density (2.28) re-
duces to p1(~Bloc) = δ
(
~B0 − ~Bloc
)
, where δ is the Dirac delta function. The delta
function like distribution in the field domain results in a coherent cosine shaped
oscillation of ~P(t) in the time domain and after a straight-forward averaging over
all spatial directions, the ZF relaxation function (2.32) takes the ideal form
Gosc(t) =
1
3
+
2
3
cos
(
γµB0t
)
. (2.37)
For real systems, it is reasonable to assume a field distribution arround B0 due
to small inhomogeneities in the lattice. Assuming an isotropic Lorentzian dis-
tribution of the local field at the muon site (i.e. λx = λy = λz = λ1 for the
spatial components to the static linewidths), the ZF relaxation function is given
by [83, 84]
Gosc(t) =
1
3
+
2
3
[
cos
(
2π fµt
)
− λ1
2π fµ
sin
(
2π fµt
)]
e−λ1t. (2.38)
Here, 2π fµ = γµB0 for a direct comparison to Eq. (2.37). One can now have a look
at the two extreme cases for the ratio of the local field and its static field width:
1. For a broad distribution of the local field λ1/ fµ  1 (or in other terms
fµt  1 for all relevant t), the trigonometric function in Eq. (2.38) can be
approximate by the first term of the corresponding Taylor series. Then the
relaxation function is dominated by the exponential decay ("quenched os-
cillation") and takes the form
Gosc(t) =
1
3
+
2
3
[1− λ1t] e−λ1t (2.39)
This relaxation function was used for the analysis of ZF time spectra of
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Ba1−xKx(Fe1−yCoy)2As2 in Sec. XY with λ1 ≡ λZF.
2. For λ1/ fµ . 1, Eq. (2.38) reduces to
Gosc(t) =
1
3
+
2
3
cos
(
2π fµt
)
exp [−λ1t] (2.40)
The ratio of the 2/3 oscillating fraction and the constant "1/3-tail" at larger times
is typical for polycrystalline sample due to spatial averaging of the local magnetic
field ~B0. From the "height of the 1/3-tail", one can directly and very precisely
determine the mangetically ordered volume fraction of a sample.
For single crystals, such a spatial average is forbidden for the derivation of
the relaxation function. In principle, one must take into account the spatial ori-
entation and variation of ~Bloc in the functional form of the probality density in
Eq. (2.28). However, a more practical approach for the calculation of the result-
ing muon spin polarization P(t) is to introduce a phase φ and a variable ratio of
the the constant and oscillating fraction [74, 79]. Then, Eq. (2.40) takes the more
general form
Gosc(t) = a1 + a2 cos
(
2π fµt + φ
)
exp [−λ1t] . (2.41)
The variables a1 and a2 are non-trivially connected by the normalization to the
initial muon spin polarization for a given instrumental setup and a specific ex-
periment (such that P(t = 0) = 1 according to Eq. 2.27); a1 and a2 can take all
values between 0 and 1. Therefore, one can not determine the magnetically or-
dered volume fraction from ZF measurements. In return, if 100% of the sample
are magnetically ordered then one might be able to determine the direction of the
local field ~Bloc a the muon site.
I used a slightly modified version of Eq. (2.41) for the anylysis of the ZF µSR
time spectra of EuFe2(As1−xPx)2 with x=0.19 and x=0.28 (see Sec. XY) where the
"a1-tail" is additionally weakly damped due to dynamic magnetism.
Magnetic volume fraction
As mentioned above, one of strenghts of µSR is the capability of determining
the magnetically ordered volume fraction. This is possible since magnetically
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ordered (A1) and non-magnetic (A2) phases contribute seperately to the muon
spin polarization. At zero applied field, a combination of both can be written [79]
as
P(t) =
A1
A1 + A2
Gosc(t, a1, a2) +
A2
A1 + A2
GKT(t) (2.42)
where GKT(t) is an appropriate Kubo-Toyabe function from (2.34) – (2.36). The
magnetic volume fraction Vmag (orM) is A1/(A1 + A2) with (A1 + A2) beeing
the total sample asymmetry. Here, one immediately sees that A1, A2, a1 and a2 are
fully correlated fit parameters, so this approach only works for polycrystalline
samples for which a1 = 2/3 and a2 = 1/3 due to spatial averaging.
A faster way which works also for single crystals is to perform a weak-TF
experiment: Here, a small external field Bext = BTF  B0 is applied perpen-
dicualar to the detector-pair symmetry axis. Muons that stop in the magnetically
ordered part of the sample are not affected by Bext and precess with the frequency
f magµ = γµB0/(2π) while muons stopping in the non-magnetic part of the sample
precess in the external field with a known frequency f non-magµ = γµBTF/(2π). The
weak-TF polarization function hence is given by
P(t) = Vmag · Gosc(B0, t) + (1−Vmag) · cos
(
γµBTF · t
)
(2.43)
The amplitudes of both oscillatory signals can be readily determined from the TF
time spectrum. For the weak-TF experiments performed for this work, BTF =
50 G was used since it is larger than typical nuclear dipole fields (∼ 10 G) and
much smaller than typical internal fields in iron pnictides, which are typically
greater than B0 ∼ 0.15 T = 1500 G (for f0 ∼ 20 MHz). In practice, the nuclear mo-
ments cause an additional weak damping of the non-magnetic, oscillatory signal.
Dynamic relaxation
As discused above, the µSR depolarization function(s) were derived for a few
cases in the limiting case of a purely static and isotropic distribution of the local
field at the muon site. The effect of possible field variations due to fluctuating
magnetic moments with a characteristic life-time τc on P(t) can be approximated
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by the "strong-collision" model [82, 85]. The important results for this work is
that in the slow-fluctuation limit (τcλ1  1), the model yields an exponentially
damped "1/3-tail" for polycrystalline samples (or "a2-tail" for single crystals) in
Eqs. (2.37)–(2.41) [78]. The dynamic muon-spin relaxation rate is called longitu-
dinal rate λL.
In a metal, this can – following H. Maeter [79] (p. 21) – be caused by an oscil-
lating Ruderman-Kittel-Kasuya-Yosida (RKKY) magnetization of the conduction
electrons. In the case, that these (fluctuating) magnetic moments can be seen as
dilute magnetic impurities, the probabilty distribution for the corresponding lo-
cal field can be aproximated by a Lorentz distribution [79, 86]:
p2(~Bloc) =
1
π3
γµλx
γ2µ(Bxloc)
2 + λ2x
γµλy
γ2µ(B
y
loc)
2 + λ2y
γµλz
γ2µ(Bzloc)
2 + λ2z
(2.44)
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3. Ba1-xKx(Fe1-yCoy)2As2
In this chapter, I present the electronic and structural properties of the 122 iron
pnictide system Ba1−xKx(Fe1−yCoy)2As2 in the charge compensated state. The
physical properties of Ba1−xKx(Fe1−yCoy)2As2 with x/2 ≈ y are compiled in an
electronic and structural phase diagram as derived by a detailed experimental in-
vestigation of the electronic properties by means of x-ray diffraction, 57Fe Möss-
bauer spectroscopy, µSR, ac susceptibility and resistivity measurements on poly-
crystalline samples at the end of this chapter (Figure 3.17). The experimental
studies are complemented by density functional electronic structure calculations.
The presented results including the findings of this local probe study using 57Fe
Mössbauer spectroscopy and µSR are published in:
1. T. Goltz, V. Zinth, D. Johrendt, H. Rosner, G. Pascua, H. Luetkens,
P. Materne, H.-H. Klauss, Phys. Rev. B 89, 144511 (2014) [87]
2. V. Zinth, T. Dellmann, H.-H. Klauss and D. Johrendt
Angew. Chem. Int. Ed., 50 (34), p. 7919-7923 (2011) [41]
3.1. Introduction
As motivated in chapter 1 (Figure 1.2), changing the charge carrier concentration
∆e− (per FeAs) by introducing transition metal dopants on the Fe site or replacing
the alkaline earth by an alkaline metal on the A site in AFe2As2 is one strategy to
introduce superconductivity.
Upon hole doping the parent compound BaFe2As2, superconductivity arises at
about −0.05 e− with highest TSC = 38 K at −0.2 e−, while for electron doping the
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Figure 3.1.: Phase diagram of Ba1−xKxFe1.86Co0.14As2 (black symbols, dark col-
ors) as compared to Ba1−xKxFe2As2 and Ba(Fe1−xCox)2As2 (red and
blue symbols, light colors) from [41].
onset is at +0.03 e− with a maximum TSC = 25 K at +0.07 e−. The superconduct-
ing dome spans roughly 0.45 e− upon hole doping but only 0.10 e− in the case
of electron doping. Despite that this asymmetry suggests that excess positive or
negative charges act differently on the electronic system. We could show in a pre-
vious study on simoultaneously potassium and cobalt substituted BaFe2As2 [41]
that the concept of effective charge compensation does apply for this special case.
A non-superconducting, parent-like state is observed for Ba1−xKxFe1.86Co0.14As2
with x = 0.13 and x = 0.20, where the tetragonal to orthorhombic phase transi-
tion and antiferromagnetic ordering was evidenced for x = 0.20 [41]. The ob-
tained phase diagram comparing Ba1−xKxFe1.86Co0.14As2 to Ba1−xKxFe2As2 and
Ba(Fe1−xCox)2As2 as a function of the electron-doping is shown in Figure 3.1.
One can see that close to effective zero charge doping, the magnetic
und structural ordering temperatures in the (double-)substituted system
46
3.1. Introduction
Ba1−xKx(Fe1−yCoy)2As2 are maximal, despite beeing reduced compared to the
pristine system BaFe2As2. Notably, Suzuki et al. [40] report superconductivity
close to effective charge compensation x/2 ≈ y for y = 0.14 . . . 0.22.
The straightforward question arises, how the electronic properties change in de-
tail upon replacing simultaneously K and Co content in Ba1−xKx(Fe1−yCoy)2As2
while maintaining the effectively charge compensated state. In order to system-
atically study the influence of the increasing substitution level on the electronic
properties, polycrystalline samples of Ba1−xKx(Fe1−yCoy)2As2 with x/2 ≈ y =
0 . . . 0.25 were investigated.
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3.2. Sample synthesis and previous
characterisation
For the study of Ba1−xKx(Fe1−yCoy)2As2, polycrystalline samples were prepared
by Veronika Zinth in the group of Prof. Johrendt (LMU Munich) from solid state
reactions. The samples were annealed at ∼ 1000 K for 10 h, homogenized to a
fine powder and annealed two more times at slightly higher temperature. Details
of the synthesis method are described by Zinth et al. [41, 88]. Phase homogene-
ity and crystal structure parameters were determined by Rietveld refinements of
x-ray powder patterns collected on a Huber G670 diffractometer with Co-Kα1 or
Cu-Kα1 radiation, equipped with a closed cycle He cryostat. A typical example is
shown in Figure 3.2a. The refinements were performed using the TOPAS pack-
age with the fundamental parameter approach and an empirical 2θ-dependent
intensity correction for Guinier geometry.
3.2.1. Structural properties
As published previously [41], charge compensated Ba1−xKxFe1.86Co0.14As2 with
x ≈ 0.14 shows the tetragonal to orthorhombic phase transition, but the or-
thorhombic distortion is reduced compared to BaFe2As2. In order to study how
this parent-like structural transition is influenced as a function of cobalt and
potassium substitution in the charge compensated state, temperature depen-
dent x-ray powder diffraction measurements on Ba1−xKx(Fe1−yCoy)2As2 with
x/2 ≈ y = 0 . . . 0.25 were performed by Veronika Zinth.
In Figure 3.2b, the structural parameters at room temperature of charge
compensated Ba1−xKx(Fe1−yCoy)2As2 (red) and hole doped Ba1−xKxFe2As2
[89] (blue) are compared in order to emphazise the changes due to the ad-
ditional in-plane Co substitution. As reported previously [87], a is not
affected by the additional cobalt substitution and decreases at the same
rate as in Ba1−xKxFe2As2, while the increase of c is clearly reduced in
Ba1−xKx(Fe1−yCoy)2As2. Consequently, the value of the As-Fe-As angle ε changes
less for Ba1−xKx(Fe1−yCoy)2As2 than reported for Ba1−xKxFe2As2 and reaches
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Figure 3.2.: Characterization of the structural properties of
Ba1−xKx(Fe1−yCoy)2As2. (a) Typical x-ray powder diffraction
pattern and (b) derived structural parameters of charge compensated
Ba1−xKx(Fe1−yCoy)2As2.
only ∼110.5◦ at x/2 = 0.2, where the ideal tetrahedral angle of 109.47◦ is found
in Ba1−xKxFe2As2. Interestingly, additional Co doping also leads to a decrease of
the Fe-As distance; a reduction of ∼1% is found for x/2 = 0.25 compared to only
∼0.3% in Ba1−xKxFe2As2.
Temperature dependent x-ray powder diffraction pattern show that the split-
ting of the lattice parameters a and b becomes weaker with increasing substitution
level as illustrated in Figure 3.3. The splitting is significantly reduced from ∆ = b
− a = 4 pm in BaFe2As2 to ∼ 2 pm for x/2 ≈ y ≈ 0.07 and further to ∼ 0.8 pm for
x/2 ≈ y ≈ 0.13, where only a broadening of reflections at low temperatures is ob-
served. Due to the small absolute value of the splitting it is difficult to determine
the exact phase transition temperatures by the Rietveld method, but the general
trend – a decrease of the structural phase transition temperature TS – is clearly
visible.
To summarize, a decrease of both ∆ and TS with increasing substitution level
x/2 ≈ y in charge compensated Ba1−xKx(Fe1−yCoy)2As2 is found, showing that
the structural phase transition is subsequently suppressed. The temperature
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Figure 3.3.: Lattice parameters of Ba1−xKx(Fe1−yCoy)2As2 with x/2 ≈ y = 0.00 -
0.13 from [87], illustrating the orthorhombic splitting and subsequent
suppression of the tetragonal-to-orthorhombic phase transition. Data
for BaFe2As2 is taken from [89].
dependencies of structural order parameter as defined by the normalized or-
thorhombic splitting δS = (a− b) / (a + b) are shown in Figure 3.6 together with
the magnetic order parameter derived from 57Fe Mössbauer spectroscopy exper-
iments on the identical samples and will be discussed in Section 3.6.2.
3.2.2. Resistivity and ac susceptibilty
Resistivity was measured on cold pressed and annealed (873 K) pellets in the
temperature range 3.5 – 320 K using the four probe technique. For charge com-
pensated Ba1−xKx(Fe1−yCoy)2As2 with x/2 ≈ y = 0.07 and 0.10 the struc-
tural/magnetic transitions are indicated by the upturn in the normalized resis-
tivity at ∼ 100 and 75 K, respectively as shown in Figure 3.4b. No signature
of superconductivity was observed for these samples in contrast to the slightly
electron-doped samples with x = 0.23 and 0.13. The resistivity measurements
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Figure 3.4.: (a) real part of the ac susceptibility and (b) resistivitivity for charge
compensated Ba1−xKx(Fe1−yCoy)2As2 from [88]. For substitution lev-
els x/2 ≈ y between 0.13 and 0.19, bulk superconductivity can be
concluded.
failed for further charge compensated samples.
Instead, ac susceptibility measurements were carried out for the complete se-
ries of charge compensated Ba1−xKx(Fe1−yCoy)2As2 with x/2 ≈ y = 0 . . . 0.25,
see Figure 3.4a. The superconducting transition temperature TonSC is extracted by
fitting the steepest descent with a line and using the point of intersection with the
normal-state susceptibility.
As one can see, the normalized in-phase ac susceptibility signal is
close to −1 indicating bulk superconductivity in charge compensated
Ba1−xKx(Fe1−yCoy)2As2 for a substitution level ranging from x/2 ≈ y = 0.13
to 0.19. For a substitution level of x/2 ≈ y = 0.25, no more diamagnetic response
is observed.
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3.3. Results from 57Fe Mössbauer spectroscopy
Mössbauer spectra were recorded in transmission geometry using a 57Co/Rh
source with an emission linewidht of 0.135(5) mm/s (HWHM). The spectrom-
eter was calibrated with a 8µm thin α-Fe foil at room temperature. About 30 mg
of powdered samples were mixed with methanol in a PA6.6 container to ensure a
homogeneous surface thickness of 5 to 8 mg Fe/cm2. A CryoVac Konti IT cryostat
with He exchange gas was used to stabilize temperatures between 4.2 and 300 K.
Temperature dependent 57Fe Mössbauer spectra were recorded to determine the
magnetic transition temperature and to trace the temperature dependence of the
iron hyperfine field Bhf(T) in charge compensated Ba1−xKx(Fe1−yCoy)2As2 with
x/2 ≈ y = 0.07, 0.10, 0.13 and 0.16.
The room temperature Mössbauer spectra of Ba1−xKx(Fe1−yCoy)2As2 for x/2
≈ y = 0 to 0.16 consist of a single, broad resonance line (see appendix A.1). Best
fits with a Lorentzian lineshape show that a non-resolved doublet structure with
a quadrupolar splitting of 0.09(2) . . . 0.13(2)mm/s (see Table 3.1) is present for
all investigated samples. A small but finite quadrupole splitting about 0.1 mm/s
is typical for iron arsenides [9].
Representative low temperature spectra of charge compensated
Ba1−xKx(Fe1−yCoy)2As2 illustrate the magnetic transition, as shown in Fig-
ure 3.5. No resolved lines from magnetic nuclear Zeeman splitting can be
observed even at lowest temperatures due to the small ordered magnetic mo-
ment and the disorder resulting from the high Co-substitution level. Therefore,
the onset of magnetic order is deduced directly from the line broadening seen
in the raw data: Upon decreasing the temperature below the onset of the anti-
ferromagnetic ordering, the absolute value of the relative transmission starts to
decrease and a transfer of spectral weight from the center of the (paramagnetic)
singlet-like resonance to its shoulders is observed.
TonFe is accordingly defined by the highest temperature below which the depth of
the singlet-like Mössbauer resonance decreases. Below TonFe , I analyzed the spectra
using a Gaussian distribution of static iron hyperfine fields [69]. The error bars
for the hyperfine fields given in Figure 3.6 and 3.8 represent the widths σhf =
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Figure 3.5.: Representative low temperature 57Fe Mössbauer spectra of charge
compensated Ba1−xKx(Fe1−yCoy)2As2 for x/2 ≈ y = 0.07, 0.10, 0.13
and 0.16, adopted from [87].
(2 ln 2)−1/2×HWHM of the Gaussian field distribution. I used two distribution
components in order to seperate magnetic (M) and non-magnetic (1-M) volume
fractions. In the field distribution space, the non-magnetic contribution is cen-
tered at zero with a fixed distribution width (〈Bhf〉 = 0 T, σhf = 0.5 T) whereas
the magnetic contribution displays a non-zero hyperfine field (〈Bhf〉 6= 0, σhf
free). The Lorentzian linewidth is held fix to its room temperature value for all
temperatures, since it is strongly correlated with σhf.
Using this approach, I obtain magnetic volume fractions which saturate at
∼ 100% for the purely magnetic samples with x/2 ≈ y = 0.07 and 0.10 and at
≈ 50% for the partially superconducting samples with x/2 ≈ y = 0.13 and 0.16
at low temperatures. As in [87], I have defined the antiferromagnetic transition
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Figure 3.6.: Bhf(T) (full circles, left scale) and δs(T) (open circles, right scale).
The temperature dependencies of the weighted hyperfine field and
the orthorhombic splitting parameter display a one-to-one correla-
tion for all temperatures. From [87] wit data for BaFe2As2 (x/2 = y
= 0) from [90]
temperature TN = T50% to be the temperature at which a 50% magnetically or-
dered volume fraction (M) is experimentally derived with respect to saturation
value ofM(T → 0). The values for T50% are derived from a sigmoidal fit of the
temperature dependence ofM and given in Table 3.1 – a complete compilation
of the 57Fe hyperfine parameters can be found in the Appendix (Section A.1) of
this thesis.
The temperature dependence of the weighted hyperfine field Bhf = 〈Bhf〉 ×
M is shown together with the orthorhombic splitting parameter δS =
(a− b) / (a + b) in Figure 3.6. For all compositions, the curves of the structural
and the magnetic order parameter show a remarkable proportionality as I will
discuss in greater detail in Section 3.6.2. The low temperature saturation value of
the weighted Mössbauer hyperfine field decreases continuously with increasing
Co/K-substitution: Bhf at T=4.2 K is reduced from 5.5 T in BaFe2As2 [91] to 3.0 T,
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2.7 T, 1.4 T and 0.9 T for x/2 ≈ y = 0.07, 0.10, 0.13 and 0.16 respectively. Likewise,
TN is reduced to 80 K, 70 K, 40 K and 23 K. Note that by plotting Bhf(4.2K) as a
function of TN, I obtain a straight line that passes through the origin as shown in
Figure 3.7. From this I conclude, that the underlying mechanism responsible for
the magnetic ordering in Ba1−xKx(Fe1−yCoy)2As2 is identically for all composi-
tions.
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Figure 3.7.: The low temperature value of the weighted hyperfine field
Bhf(T=4.2 K) and TN show a linear relationship for all magnetic sam-
ples emphasizing that the underlying mechanism for the magnetic
ordering in Ba1−xKx(Fe1−yCoy)2As2 is identical for all compositions.
Data for BaFe2As2 (x/2 = y = 0) is taken from [90]
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Figure 3.8.: Reduced weighted 57Fe hyperfine field as a function of the reduced
temperature T/T50%M for Ba1−xKx(Fe1−yCoy)2As2 with x/2 ≈ y = 0.07,
0.10, 0.13 and 0.16.
The similar mechanism for the magnetic ordering is also reflected by the con-
stant ratio of Bhf(4.2K)/TN ≈ 0.037 T/K within experimental errors suggesting
the same univerality class for the magnetic ordering in all samples. This is illus-
trated in Figure 3.8, in which I show the normalized Mössbauer hyperfine field
Bhf(T)/Bhf(4.2K) as function of the reduced temperature T/TN.
Despite the rather broad distribution of the hyperfine field, one can see that all
curves fall upon each other. Since B2hf is proportional to the square of the ordered
magnetic moment, the hyperfine field represents the magnetic order parameter
M. The data can be well modelled by a power law in the form
M ≡ Bhf(T)
Bhf(4.2K)
=
(
1− T
TN
)β
. (3.1)
A combined fit for all samples for 0.6 TN < T < 1.0 TN yields β = 0.26(2) for the
critical exponent. This value is identical to the value S.D. Wilson and co-workers
found in a wide spread analysis of the magnetic order parameter in iron pnictides
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for an "alternate class" where the structural and magnetic transition are decoupled
from each other [92]. Note, that the definition of "the" Fe ordering temperature
TN is not unambigeous since the magnetic transition is rather gradual. As a con-
sequence, the derived critical exponent may change significantly. Still, Figure 3.8
points to a rather three dimensional character for the Fe magnetism in charge
compensated Ba1−xKx(Fe1−yCoy)2As2.
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3.4. Results from Muon spin spectroscopy
In order to verify the results from Mössbauer spectroscopy and to gain a deeper
insight into the superconducting properties of Ba1−xKx(Fe1−yCoy)2As2, ZF and
TF µSR measurements on the samples with x/2 ≈ y = 0.16 and 0.19 were carried
out. It has been shown, that µSR is an excellent tool to study the volume-selective
electronic properties of iron pnictides [23, 93–96]. The superconducting proper-
ties are directly accessible and µSR is sensitive to very small ordered magnetic
moments. µSR measurements were performed using the GPS spectrometer at the
πM3 beamline of the Swiss Muon Source at the Paul Scherrer Institut, Switzer-
land. The data were analyzed using the MUSRFIT package [80].
Zero field µSR
In Figure 3.9, I show ZF-µSR spectra for x/2 ≈ y = 0.16 (upper panel left) and x/2
≈ y = 0.19 (upper panel right) for selected temperatures. At high temperatures,
both samples are characterized by a weakly damped Kubo-Toyabe depolariza-
tion function GLGKT according to Equation (2.36). Below 40 K for x/2 ≈ y = 0.16
and 25 K for x/2 ≈ y = 0.19, electronic magnetism is evidenced by a strong ex-
ponential relaxation of the µSR time spectra at early times. The absence of an os-
cillatiory signal is associated with a broad distribution of local fields at the muon
site which is typical for chemically substituted pnictides [94,95]. This observation
is consistent with the need of a HFD in the analysis of the magnetic 57Fe Möss-
bauer spectra. Accordingly, the time spectra were fitted (solid lines) using the
depolarization function
P(t) =M ·
{
1
3
+
2
3
exp
(
−λZF t
)}
+ (1−M) ·
{
GLGKT (t, ∆nucl, λnucl)
}
, (3.2)
where M is the magnetic volume fraction and λZF the magnetic ZF-µSR relax-
ation rate. The nuclear depolarization rates indexed by ’nucl’ were fitted for all
temperatures simultaneously to exclude a parameter correlation with the mag-
netic ZF-µSR relaxation rate. It is important to note that using ZF-µSR, the mag-
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Figure 3.9.: Upper panels: Zero field µSR spectra of Ba1−xKx(Fe1−yCoy)2As2 with
x/2 ≈ y = 0.16 and 0.19. Lower panels: Extracted temperature depen-
dencies of the corresponding magnetic volume fraction and the ZF-
µSR transverse relaxation rate λZF (insets). Dotted lines are guides to
the eyes.
netic volume fraction M for powdered samples can be determined with high
accuracy, viz. within an error of a few percent.
The magnetic transition is gradual in temperature as seen by the increase of
the magnetic volume fraction in Fig. 3.9 (bottom). As an estimate for the Néel
temperature I define –analogue to Mössbauer spectroscopy– TN as the tempera-
ture at which 50% of the sample is magnetically ordered with respect to the low
temperature saturation value. From this, I obtain T50%µ = 24 K for x/2 ≈ y = 0.16
in agreement with Mössbauer spectroscopy and T50%µ = 15 K for x/2 ≈ y = 0.19.
For both samples, the ZF-µSR transverse relaxation rate λZF shows a maximum
at TSC obtained from ac susceptibility with a following decrease towards lower
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temperatures. Also at TSC, the magnetic volume fraction ceases to increase and
remains constant towards lower temperatures. The combination of these two
anomalies is reminiscent of the decrease of the magnetic order parameter seen in
Ba1−xKxFe2As2 [23] and Ba(Fe1−xCox)2As2 [94, 95] at the onset of superconduc-
tivity and indicates that magnetism and superconductivity compete for the same
electrons on the Fermi surface.
Transverse field µSR
For x/2 ≈ y = 0.19 additional transverse field µSR experiments were performed
in order to study the superconducting properties of the non-magnetic volume
fraction (1-M) in more detail. In such a TF experiment on a type-II superconduc-
tor, one can measure the propability distribution n(B) in the vortex state [97–99]:
Its first moment, the measured averaged magnetic field 〈B〉 at the muon site is
given by the oscillating frequency in the µSR time spectrum. Electronic and nu-
clear dipolar fields as well as the spin polarization of the conduction electrons at
the muon site result in a shift of 〈B〉 with respect to the applied external field,
known as (muon) Knight shift. For polycrystalline samples, the field distribu-
tion from the vortex lattice (VL) can be approximated using a Gaussian function.
Therefore, VL formation causes an additional Gaussian relaxation rate σSC in the
time domain. From its temperature dependence one can estimate the London
penetration depth λ for T→0 via the Brandt formula [97]:
σ2SC = 0.00371 Φ
2
0 / λ
4 (3.3)
Nuclear and vortex lattice contributions to the measured relaxation rate σ(T)
were separated in the following way: since the nuclear contribution is a convo-
lution of a Lorentzian and Gaussian relaxation rate (see Equation (3.4)), the two
nuclear components were substracted quadratically for the Gaussian and linearly
for the Lorentzian in the frequency (field) domain. To be more precise:
σSC(T) =
√
σ2(T)− ∆2nucl − λnucl (3.4)
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Figure 3.10.: Temperature dependence of the local field 〈B〉 (blue dots) and
the vortex lattice relaxation rate σSC (black dots) within the non-
magnetic volume fraction of Ba1−xKx(Fe1−yCoy)2As2 with x/2 ≈ y
= 0.19 adopted from [87]. The solid black line is a fit according to a
single s-wave gap scenario.
Here, ∆nucl = 0.14 µs−1 and λnucl = 0.05 µs−1 as determined by zero field mea-
surements, viz. Equation (3.2).
I show the extracted temperature dependencies of 〈B〉 and σSC together in
Figure 3.10. In the non-superconducting (normal) state above ∼12 K, 〈B〉 =
70.29 mT remains constant. For polycrystalline iron-pnictides, this value is typi-
cally slightly smaller than the applied external field yielding a negative normal-
state Knight shift. [100] The downturn of 〈B〉 below∼12 K (Meissner effect) is ac-
compagnied by the appearance of increasing σSC in the µSR time spectra and con-
firms microscopically the bulk nature of the the superconducting phase transition
determined by ac susceptibility measurements (TC,acs = 10.5 K for this particular
sample, see Figure 3.4a). However, I cannot conclusively explain the origin of the
upturn of 〈B〉 below∼ 4 K. Most likely, it may be associated to a Yosida-like [101]
decrease of the spin-susceptibility which is concealed by the diamagnetic shield-
ing at temperatures between 4 and 12 K. Other possible explanations causing this
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anomaly may refer to field induced magnetism [102, 103], vortex disorder [99] or
other effects. This topic can be studied in detail as soon as large enough single
crystals of Ba1−xKx(Fe1−yCoy)2As2 become available.
The temperature dependency of σSC on display in Figure 3.10 was analyzed
together with P. Materne in the group of Prof. Klauß (TU Dresden). The shape of
σSC(T) suggests a nodeless symmetry for the superconducting order parameter.
Indeed, the data are compatible with a BCS-like single s-wave gap scenario and a
corresponding fit similar to [79, 104] (solid black line) yields λ(0) = 280 nm and
a gap value of ∆ = 1 meV for Tc = 13 K. From these values, we calculate the BCS
coupling ratio 2∆/kBTc = 1.9 which agrees well with literature data for values of
the so-called "smaller gap" observed in various iron pnictide systems [102, 104].
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3.5. Results from Band Structure Calculations
In order to examine the effect of charge compensating Fe-Co/Ba-K substitution
onto the electronic band structure in Ba1−xKx(Fe1−yCoy)2As2, a series of density
functional calculations was performed by Helge Rosner (Max-Planck-Institute for
Chemical Physics of Solids, Dresden).
In a simple rigid band picture, a charge compensated substitution (x/2 = y)
would not yield any changes of the related electronic structure, apart from
changes caused by the slight modifications of the crystal structure (see Fig-
ure 3.2b). Therefore, virtual crystal approximation (VCA) was applied for both
the Ba- and the Fe-sites. Since Ba and K act essentially as a charge donor on the A-
Figure 3.11.: Calculated hole-related Fermi surface sheets of
Ba1−xKx(Fe1−yCoy)2As2 with x/2 = y = 0 (left) and x/2 = y = 0.25
(right) using the non-magnetic calculations of a simple tetragonal
cell from [87]. In order to indicate the change in the anisotropies, the
respective Fermi velocities are shown by color-mapping. In contrast
to the hole surfaces, the shape of the electron surfaces (not shown)
is essentially unchanged for both compounds.
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site in the AFe2As2 compounds, and Fe and Co behave rather similar with respect
to their bonding behavior, a VCA approach should describe the change of the av-
eraged crystal potential in good approximation. To simulate the changed electron
count due to the Ba-K substitution, only the number of Ba valence electrons was
reduced according to the K content, disregarding the different core electrons of
both elements. Note, that due to the preservation of the translation symmetry of
the unit cell, the direct influence of the substitution related impurity scattering on
the electronic structure is neglected.
Technically, scalar-relativistic density functional (DFT) electronic structure cal-
culations were performed using the full-potential FPLO code [105, 106], version
fplo9.01-351. For the exchange-correlation potential within the local density ap-
proximation (LDA) the parametrizations of Perdew-Wang [107] was chosen. The
calculations were carried out on a well converged mesh of 1728 k-points in the
Brillouin zone (12x12x12 mesh) to ensure a high accuracy for details in the elec-
tronic density. The partial Ba substitution with K and Fe with Co, respectively,
was modeled within the virtual crystal approximation (VCA) [108]. For each
substitution, the calculations were carried out for the experimental lattice param-
eters [88] if available, otherwise the structural data were linearly interpolated
between neighboring experimental data points (see Fig. 3.2b). For the simulation
of the stripe antiferromagnetic order a
√
2×
√
2 supercell within the tetragonal
plane was chosen. The As-z position was optimized with respect to the total en-
ergy.
The charge compensating Fe-Co/Ba-K substitution in Ba1−xKx(Fe1−yCoy)2As2
leads to a fast suppression of the ordered magnetic moment in the stripe antifer-
romagnetic state with increasing x/2 = y (see upper panel of Figure 3.12, open
red squares). The calculations yield a fast, essentially linear decrease of the Fe
magnetic moment with increasing Co/K substitution, followed by a sudden drop
and the complete breakdown of the stripe AFM order at about x/2 = y ≈ 0.15.
This result agrees well with the suppression of the measured low temperature
saturation value for the weighted Mössbauer hyperfine field Bhf (see Figure 3.12,
filled blue circles). For a comparision of the calculated and experimental Fe mo-
1For version details see http://www.fplo.de
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Figure 3.12.: Upper panel: Calculated magnetic momemt (per Fe) in the AFM
stripe phase as a function of the Co/K substitution level x/2 = y in
Ba1−xKx(Fe1−yCoy)2As2 together with the weighted hyperfine field
Bhf(T = 4.2 K). The measured hyperfine fields are scaled by a con-
stant factor to match the calculated Fe-moment for the parent com-
pound BaFe2As2.
Lower panel: Total and partial electronic DOS at the Fermi level for
Ba1−xKx(Fe1−yCoy)2As2 from non-magnetic calculations. With in-
creasing substitution level the DOS decreases, and for y ≥ 0.11 the
Fe-3d contribution (per Fe atom and spin) drops below the Stoner
criterion for a magnetic instability, marked by the dashed lines for
I(Fe-3d) = 1± 0.1.
ment, Bhf is scaled by a constant factor so that both values match the one of the
pristine BaFe2As2 compound. A closer look onto the related changes of the cal-
culated electronic structure reveals sizable differences in the shape of the Fermi
surfaces (see Figure 3.11, non-magnetic calculations of the simple tetragonal cell
for x/2 = y = 0 and x/2 = y = 0.25), in particular the hole-related sheets. The
suppression of the AFM stripe order for y ≥ 0.15 is likely, at least in part, caused
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by the reduced nesting of the Fermi surfaces.
Another manifestation of the changes in the band structure is shown by the
electronic density of states at the Fermi level: Increasing substitution y results in
a sizable reduction of N(εF) which can be assigned predominantly to the Fe 3d
states (see Figure 3.12, lower panel). Interestingly, the suppression of the mag-
netic moment is well compatible with a naive Stoner-like picture. According
to the Stoner criterion, which yields a magnetic instability by a divergency of
χ = χ0/(1− IN(εF)) if IN(εF) ≤ 1, a magnetic ground state would be expected
for small y: For Fe-3d states with I ∼ 1± 0.1, the Stoner criterion is only fulfilled
for N(εF) ≥ 1/I which is marked by the dashed lines in Figure 3.12. Even if the
Stoner criterion is not directly applicable for the formation of the AFM stripe or-
der that involves Fermi surface nesting, it provides at least a qualitative picture
for the development of a magnetic instability with respect to Fe-Co/Ba-K substi-
tution and suggests, why the AFM stripe order is not replaced by a simple FM
order when this substitution suppresses the nesting.
In addition to the study of the Fermi surfaces and suppression of the stripe-
order magnetism, it was tried to separate the influence of the substitution related
structural changes on the electronic structure and the influence of the change of
the averaged crystal potential, which was discussed in previous studies [40]. This
change originates from the different charge distribution within and between the
Fe-As layers caused by the varying (charge compensated) Fe-Co/Ba-K substitu-
tion. To this aim, three separate calculations were carried out for which (a) only
the structure of the parent compound BaFe2As2 was changed simulating the ex-
perimentally observed crystal structure, (b) only substitution was included us-
ing the VCA approach and keeping the crystal structure of the unsubstituted
BaFe2As2, and (c) calculations for the ’real’ compounds combining (a) and (b).
The outcome of these calculations is shown in Figure 3.13. The results suggest
that the dominant contribution to the changes of the electronic properties is due
to substitution (b, orange); the structural related changes (a, purple), in particular
the elongation of the c axis, play a minor role. Interestingly, the total changes of
N(εF) in the full calculation (c) can be represented as the sum of the changes from
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Figure 3.13.: Separation of lattice and substitution-related contributions to the
density of states at the Fermi energy using a "three-fold" DFT study:
(a) lattice effects only, (b) substitution effects only, (c) combined lat-
tice and substitution effects. The sum of (a) and (b) is also added in
order to emphasize the idea, that both effects may be independent.
See main text for details.
(a) and (b) with high accuracy. This supports the idea that both effects are rather
independent and offers the opportunity to fine-tune this type of compound, for
instance by applying uniaxial or hydrostatic pressure.
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3.6. Discussion
As shown in the previous sections, charge compensated Ba1−xKx(Fe1−yCoy)2As2
with a low substitution level (x/2 ≈ y 6 0.10) displays a parent-like antifer-
romagnetic and orthorhombic state at low temperatures within the whole sam-
ple volume. The magnitude of the ordered magnetic moment and likewise the
orthorhombic distortion is subsequently suppressed upon increasing the Co/K
substitution level x/2 ≈ y (denoted as y in the follwing).
Using microscopic techniques, I showed that static magnetism persists up to
y = 0.19 whereas the orthorhombic distortion is only detected up to y = 0.13.
The onset of magnetic order and structural distortion occur at the same temper-
ature and the results of this study prove a temperature independent, linear re-
lationship between the normalized orthorhombic splitting δs and the weighted
hyperfine field Bhf, i.e. between the static magnetic and structural order param-
eter. The suppression of the ordered moment is well reproduced by DFT calcu-
lations. Finally, bulk superconductivity is concluded from ac-susceptibility data
for 0.13 6 y 6 0.19 and together with the results from ZF-µSR, I conclude that
for the samples with y = 0.16 and 0.19 magnetism and superconductivity coexist
microscopically at least in a large fraction of the sample volume.
In Section 3.6.1, I will discuss the supression of magnetism in charge com-
pensated Ba1−xKx(Fe1−yCoy)2As2 upon increasing Co/K substitution level by
a comparision with the well-studied, isovalent Ba(Fe1−xRux)2As2 system [29,
39, 109–111] since both systems show multiple common properties. The con-
comitant onset of magnetic order at the structural transition temperature in
Ba1−xKx(Fe1−yCoy)2As2 is reminiscent of the common temperatures for the mag-
netic and structural phase transition in Ba(Fe1−xRux)2As2, and I will adress this
topic separately in Section 3.6.2. The appearance of superconductivity is dis-
cussed in Section 3.6.3. Finally, the electronic and structural phase diagram
of charge compensated Ba1−xKx(Fe1−yCoy)2As2 derived from this study is pre-
sented in Section 3.7.
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3.6.1. Suppression of magnetism
The suppression of the ordered magnetic moment as a function of chemical
substitution in Ba1−xKx(Fe1−yCoy)2As2 and Ba(Fe1−xRux)2As2 displays a quasi-
linear behaviour as shown in Figure 3.14.
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Figure 3.14.: Ordered magnetic moment at low temperatures in
Ba1−xKx(Fe1−yCoy)2As2 (Bhf for T=4.2 K from this work, bot-
tom/left axes) and Ba(Fe1−xRux)2As2 (M for T→0 from [110],
top-right axes). Both systems show a linear dependence upon
chemical substitution.
Both observables for the magnetic order parameter (Bhf for T = 4.2 K from this
work and M for T → 0 from Reference [110]) are normalized to their value in the
common pristine system BaFe2As2. The chemical substitution axes were scaled
by a factor ∼ 1.5 in order to get a maximum correspondence. I attribute the fact
that less Co/K than Ru substitution is necessary to supress the magnetic moment
in the same way to the different sizes of the Ru 4d and the Fe/Co 3d orbitals.
Since the Ru 4d orbitals are spatially more extended, the itinerant magnetism is
more stable against partial substitution. Note, that a recent XRMS study reports
that Ru is spin-polarized with a Ru L2 edge signal that follows the magnetic or-
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dering of Fe with an in-plane correlation lenght corresponding to more than 700
unit cells [111]. This may also stabilize the AFM order. In contrast to Ru substi-
tution, the replacement of Fe by Co shows no signatures of spontaneous or in-
duced spin polarization as concluded by a combined 59Co and 75As NMR study
of Ba(Fe1.8Co0.2)2As2 [112].
Figure 3.14 reveals two further similarities between both systems:
1. Superconductivity emerges at a substitution level of ỹ ∼ 0.12 for
Ba1−xKx(Fe1−yCoy)2As2 and x̃Ru ∼ 0.18 for Ba(Fe1−xRux)2As2, for which
the ordered magnetic moment µ has been suppressed below a ’critical’
value of µ̃ = 0.3 µB (dashed arrow). This will be discussed in Section 3.6.3.
2. A linear extrapolation of the ordered macroscopic averaged magnetic mo-
ments (dotted lines) yields values for the corresponding substitution levels
close to xRu ∼ 0.3 and y ∼ 0.2 above which the magnetism is fully sup-
pressed in both systems.
In the Ba(Fe1−xRux)2As2 system, Laplace et al. [109] consider this substitution
level (∼ 0.3) to be the percolation threshold for magnetic ordering. They also
point out as a central outcome of their 75As NMR experiments, that it is of im-
portance to differenciate between the nominal (macroscopic average) and local
(microscopic average) substitution levels xnom and xloc depending on how the
electronic properties are determined. The Fe layer properties are assumed to
be governed by xloc which may differ from xnom. For Ba(Fe1−xRux)2As2, they
conclude an intrinsically inhomogenous electronic state on a local scale which ac-
counts for the coexistence of superconductivity and magnetism. This is in con-
trast to Ba1−xKxFe2As2 and Ba(Fe1−xCox)2As2, where homogeneous coexistence
between superconductivity and magnetism was deduced from the interplay of
the superconducting and magnetic order parameter [23, 24]. For charge compen-
sated Ba1−xKx(Fe1−yCoy)2As2 with a substitution level of y = 0.16 and 0.19, I
conclude microscopic coexistence of magnetic order and superconductivty [87]
based on the overlap of the magnetic and superconducting volume fractions at
low temperatures. However, an experimental evidence for the interplay of both
order parameters, e.g. a reduction of the magnetic ZF-µSR transverse relaxation
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rate λZF below TSC is weak (see inset of Figure 3.9). Nevertheless, the results
support a rather homogeneous scenario.
The results of DFT calculations on Ba1−xKx(Fe1−yCoy)2As2 as presented in Sec-
tion 3.5 quantitatively reproduce the experimentally observed suppression of
the ordered magnetic moment upon decreasing y, see Figure 3.12. The calcu-
lations also reveal, that the weakening of magnetism can be directly related to
a reduced density of states at the Fermi level. This finding is consistent with
earlier DFT calculations on the endpoint of the x/2 = y series (KFeCoAs2,
y = 0.5) by Singh et al. [113]. There, the weakening of magnetism was also
found as a result of the reduction in the density of states at the Fermi energy
N(εF) and has been attributed to a shrinking of the in-plane lattice parameter a.
However, our three-fold DFT study clearly shows that for charge compensated
Ba1−xKx(Fe1−yCoy)2As2, structural changes are less important for the reduction
of N(εF) compared to the effects of chemical (double-)substitution, as illustrated
in Figure 3.13. Furthermore, from the reduction of the DOS at the Fremi energy,
I conclude an effective Stoner-like development of the magnetic instability: For
y ≥ 0.11, the Fe-3d contribution of the density of states at the Fermi level drops
below the Stoner-criterion I(Fe-3d) = 1± 0.1 per Fe atom and spin, as marked by
the dashed lines in Figure 3.12.
One may understand this itinerant character of the magnetic instability in the
context of a valence band photoemission and Auger Electron Spectroscopy study
by Kraus et al. [35]. In that work, it was demonstrated that Co states have signifi-
cant Fe 3d character with an almost negligibly increased effective onsite Coulomb
interaction Ueff. They also conclude that transition metal states move to higher
binding energies with increasing atomic number and therefore contribute less
and less to the states close to the Fermi level. From this findings – beeing in
agreement with our premises of a rigid-band-like filling or depleting of the elec-
tronic states near the Fermi level – I deduce that for an in-plane substitution with
Co, the density of states N(εF) is a good quantity for determining the strengh of
magnetism in charge compensated Ba1−xKx(Fe1−yCoy)2As2.
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3.6.2. Interplay of magnetism and crystal structure
A linear relationship between the magnetic and structural order parameters (as
measured by Bhf and δS) which extrapolates to zero becomes evident for charge
compensated Ba1−xKx(Fe1−yCoy)2As2 as illustrated in Figure 3.15. A correspond-
ing fit yields 1.5 T per 10−3 for the slope and a negligible value (< 10−4) for
the intercept. This implies that TN ≈ TS which is a common property of
the 122 parent systems BaFe2As2, SrFe2As2, EuFe2As2, CaFe2As2 and likewise
Ba(Fe1−xRux)2As2. Furthermore, Figure 3.15 shows that the low temperature
values2 for the orthorhombic splitting and the ordered magnetic moment of all
given isovalent 122 systems lie on the same line. Note that for the 1111 systems
where TS > TN, all mentioned compounds have comparable low temperature
values for the structural distortion and ordered iron moment, in strong contrast
to the 122 systems for which TS ≈ TN. References for the literature data used
in Figure 3.15 are given in Table 3.2. For BaFe2As2 and SrFe2As2, I also added
temperature dependent data (T is an implicite parameter in Figure 3.15) to em-
phasize the overall linear relationship between the magnetic and structural order
parameter in Ba1−xKx(Fe1−yCoy)2As2.
The implications of the proportionality between the structural and magnetic
order parameter in the iron pnictides were firstly adressed by Wilson et al. [92].
Their analysis of the critical behaviour shows 2D Ising magnetism in TN=TS-
materials which transition to a 3D Ising-like character once the structural and
magnetic transitions are decoupled from each other. Cano et al. [115] included
harmonic magneto-elastic coupling in the free energy of a Ginzburg-Landau ap-
proach and concluded that the difference between the structural and the magnetic
transition temperature is crucial for the character of the corresponding phase
transition: If TS is much larger than TN, as it is the case in undoped 1111 systems
(illustrated by the finite intercept for LaOFeAs in Figure 3.15), both transitions
are of second order. If both transition temperatures become closer to each other,
the magnetic part of the split transition eventually becomes first-order.
In charge compensated Ba1−xKx(Fe1−yCoy)2As2 (see Figure 3.6) as well as in
2In case of magnetic rare earths, values above the rare earth ordering temperature were taken to
avoid effects caused by the interplay of rare earth and iron magnetism [114]
73
3. Ba1-xKx(Fe1-yCoy)2As2
0 1 2 3 4 5 6 7
0
2
4
6
8
10
Ba1-xKx(Fe1-yCoy)2As2
 
 CaFe2As2
 SrFe2As2
 EuFe2As2
 LaOFeAs
 CeOFeAs
 PrOFeAs
 NdOFeAs
 SmOFeAs
B
hf
 (T
)
s = (a-b)/(a+b)  (10
-3)
 x/2 = y = 0.00
 x/2  y = 0.07
 x/2  y = 0.10
 x/2  y = 0.13
0.0
0.3
0.6
0.9
1.2
1.5
 Ba(Fe1-xRux)As2
M
 (
B,
 T
=0
)
Figure 3.15.: Ordered Fe magnetic moment measured by Bhf as func-
tion of the orthorhombic splitting δs for charge compensated
Ba1−xKx(Fe1−yCoy)2As2 (same values and colors as in Figure 3.6)
and available literature data (the references are listed in Table 3.2)
for various nominal charge equivalent 122 and 1111 systems. In
the case of Ba(Fe1−xRux)2As2, the magnetic moment from neutron
diffraction data is identically scaled to Bhf as in Figure 3.14. Exper-
imental error bars of own data have been omitted for clarity; error
bars are only given for CaFe2As2 and PrOFeAs, where available
literature data differ by more than 10%. The dotted lines are guides
to the eyes.
Ba(Fe1−xRux)2As2 [29, Figure 3 and 4] at an intermediate K/Co substitution
level or Ru concentration, respectively, the structural and magnetic transitions
are more gradual compared to the step-like transitions in the common parent
compond BaFe2As2. For BaFe2As2, a second-order structural transition followed
by a first-order magnetic transition with TS > TN was concluded [130]. In
the case of Ru substitution, the structural and the magnetic transition were as-
signed to a simultaneous 2nd order transition [29]. From the overall similarities
of Ba1−xKx(Fe1−yCoy)2As2 and Ba(Fe1−xRux)2As2, I conclude that charge com-
pensated Ba1−xKx(Fe1−yCoy)2As2 behaves similar in this sense.
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However, the linear coupling between the structural and the magnetic order pa-
rameter in Ba1−xKx(Fe1−yCoy)2As2 which presumably holds also in the vicinity of
the phase transitions (see Figure 3.15) is not compatible with a second order, har-
monic magneto-elastic coupling scenario for which a quadratic coupling is manda-
tory by symmetry [130]. Nevertheless, following References [19, 130, 131] bilinear
coupling exists between the nematic and structural order parameter which im-
plies a simultaneous nematic-magnetic and structural transition. By identifying
TonsetN as the nematic phase transition temperature I can (at least qualitatively) rec-
oncile this and provide a consistent explanation for my experimental findings.
This likewise includes the observation, that static magnetism coexists with su-
perconductivity in a tetragonal structure for 0.15 6 x/2 ≈ y 6 0.19 as illustrated
in the electronic and structural phase diagram of Ba1−xKx(Fe1−yCoy)2As2, shown
in Figure 3.17.
δS (10−3) Bhf (T) M(µB, T=0)
BaFe2As2: 3.6 [90] 5.4 [90]
EuFe2As2: 5.1 [116, 117] 8.0 [61]
SrFe2As2: 5.7 [118] 8.8 [118, 119]
CaFe2As2: 5.1 [120] 8.2 [121]
6.2 [117] 8.5 [61]
6.6 [122] 10.2 [123]
7.0 [120] 10.2 [124]
used 6.2±1 9.2±1
LaOFeAs: 2.6 [125] 4.9 [126]
CeOFeAs: 2.6 [127] 5.4 [127, 128]
NdOFeAs: 2.4 [129] 5.3 [128]
SmOFeAs: 2.7 [127] 5.2 [127]
PrOFeAs: 1.9 [100] 5.0 [100, 128]
2.8 [100]
used 2.3±0.5 5.0
Ba(Fe1−xRux)2As2
xRu = 0.073 : 1.1 [29, 111] 0.3 [29]
xRu = 0.205 : 2.6 [29] 0.6 [29]
Table 3.2.: Low temperature values and references for the orthorhombic split-
ting and the ordered magnetic moment for selected 122 and 1111 iron-
pnictides shown in Figure 3.15
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3.6.3. Superconductivity
Resistivity and ac susceptibility (Figure 3.4) measurements evidence supercon-
ductivity for charge compensated Ba1−xKx(Fe1−yCoy)2As2 for 0.13 6 y 6
0.19 with a maximum TSC of about 15 K for y ≈ 0.13. The results for the
shape and the position of the superconducting dome in charge compensated
Ba1−xKx(Fe1−yCoy)2As2 agree with the results by Suzuki et al. [40] based on re-
sistivity measurements. However, they report a non-magnetic superconducting
phase for 0.1 6 y 6 0.2 which contradicts to the observation of a finite Möss-
bauer hyperfine field Bhf measured on the samples with y = 0.13 and 0.16 and
the magnetic relaxation in the ZF-µSR time spectra for y = 0.16 and 0.19 I studied
here. Nevertheless, resistivity measurements may not be sensitive to weak mag-
netic order and therefore, it is possible that superconductivity and magnetism
coexist on a microscopic lenght scale.
Superconductivity in charge compensated Ba1−xKx(Fe1−yCoy)2As2 emerges at
a substitution level y between 0.10 and 0.13. I showed in Figure 3.14, that at a
similar substitution level (ỹ ≈ 0.12) the ordered magnetic moment drops below
a ’critical’ value of µ̃ = 0.3 µB [109] giving rise to superconductivity. The value
of µ̃ = 0.3 µB is also found in electron-doped Ba(Fe1−xCox)2As2 for a substitution
level of x̃Co ∼ 0.05, above which coexistence and competition between supercon-
ductivy and magnetism are reported [22].
This finding is in-line with the overall evidence that for electron-doped transi-
tion metal substituted 122 FeSC, the substitution level is the salient parameter for
a suppression of the magnetic and structural transition to a low-enough temper-
ature to support superconductivity. However, the span of the superconducting
dome is appropriately3 described using the nominal electron count e [31, 132].
For systems with effectively isovalent substitution, e has no physical meaning
and thus also the changes of the superconducting properties must be effectively
related to the substitution level. I therefore conclude, that for charge compen-
sated Ba1−xKx(Fe1−yCoy)2As2, the superconducting transition temperature TSC
3To be more precise: this picture is only valid as long as a rigid band picture is justified and as
long as the transition metal onsite Coulomb interaction shift is negligible. This is therefore
only stricly valid for cobalt substitution [34].
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Figure 3.16.: Comparision of experimental (TSC from this study in black and
Suzuki et al. [40] in gray) and calculated (T/Tc,0 from Vavilov and
Chubukov [26]) transition temperatures under the assumption that
Γ0/2πTc,0 ∝ nimp ∝ y. Left: best possible scaling in a pure interband
scattering scenario (OD, blue line). Right: best possible scaling to a
dominantly intraband scattering scenario (LRD, red line).
is essentially depending on the substitution level y or in other words, on the den-
sity of impurities.
Vavilov and Chubukov consider the effect of non-magnetic impurities without
a change of the density of carriers for iron-pnictides [26]. They conclude that the
spin density wave order is suppressed stronger than s±-superconductivity, be-
cause intra- and interband scattering is destructive for a SDW, but only interband
scattering is pair-breaking for s±-superconductivity. Since the disorder parameter
Γ0/2πTc,0 introduced in their work is proportional to the impurity density nimp,
I assume that (i) qualitatively, Ba1−xKx(Fe1−yCoy)2As2 with x/2 = y is an experi-
mental accessible system for this theory and (ii) that quantitatively, Γ0/2πTc,0 is
proportional to the Co/K substitution level y.
In Figure 3.16, I compare experimental (TSC) and calculated (T/Tc,0) super-
conducting transition temperatures for a pure interband scattering (onsite dis-
order (OD), Γ0 = Γπ) and a dominantly interband scattering (long range disorder
(LRD), Γ0 = 5 Γπ) scenario discussed by Vavilov and Chubukov [26]. I find good
agreement for the shape of the superconducting dome within the LRD scenario
whereas no suitable scaling could be achieved for the OD scenario. The value
for TS,0/TC,0 = 3 used in the LRD is reasonable for Ba1−xKx(Fe1−yCoy)2As2 since
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TS,0 ∼ 140 K in BaFe2As2 and TS,0 ∼ 40 K in Ba1−xKxFe2As2.
Clearly, a picture in which the quasi-particle scattering is due to dom-
inantly intraband processes describes my results for charge compensated
Ba1−xKx(Fe1−yCoy)2As2 better. However, both theoretical scenarios predict only
a very narrow range ∆y for a mixed SC and SDW phase (corresponding to
∆y < 0.02) while the experimental findings of this study show coexistence for
a broader range (∆y ≈ 0.10).
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Figure 3.17.: Electronic phase diagram of charge compensated
Ba1−xKx(Fe1−yCoy)2As2 derived by this study. Data points refer
to: X-ray diffraction (red triangles), Mössbauer spectroscopy (blue
circles) and muon spin relaxation (blue squares). Tonset in full
symbols, T50% in half symbols. Data points for the corresponding
transition temperatures from Suzuki et al. [40] are added in grey.
The experimental results of my study on charge compensated
Ba1−xKx(Fe1−yCoy)2As2 with x/2 ≈ y are summarized in the electronic
and structural phase diagram given in Figure 3.17. In the charge compensated
state, the reported transition from an antiferromagnetic metal (x/2 ≈ y 6 0.10)
with an orthorhombic structure to a tetragonal, non-magnetic ground state
(x/2 ≈ y ≥ 0.25) by Suzuki et al. [40] have been confirmed. In addition,
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my local probe study can show that static magnetic order extends to a higher
substitution level (x/2 ≈ y 6 0.19) than reported [ebd.] and moreover, that
Fe magnetism coexists in a tetragonal structure with superconductivity for
0.15 6 x/2 ≈ y 6 0.19.
As I have discussed in the previous Sections (3.6.1–3.6.3), the Fe magnetism
of charge compensated Ba1−xKx(Fe1−yCoy)2As2 and its suppression can be ex-
plained within an empirical model which indirectly includes the local defects
in an effective Stoner-like picture. The shape of the superconducting dome can
be understood in terms of increasing disorder due to the introduction of non-
magnetic impurities (nimp) into a system with a constant charge carrier den-
sity [26]. A comparision of the Tc-nimp phase diagrams (Figure 3.16) suggests
that the quasi-particle scattering in charge compensated Ba1−xKx(Fe1−yCoy)2As2
is dominantly related to intraband processes. The measured temperature depen-
dence of the magnetic penetration depth for the sample with x/2 ≈ y = 0.19 (Fig-
ure 3.10) suggests a nodeless symmetry for the superconducting order parameter
in accordance with the predicted s± pairing symmetry. Superconductivity in ef-
fectively carrier-free Ba1−xKx(Fe1−yCoy)2As2 is weaker (Tc,max ∼ 15 K) compared
to carrier doped Ba1−xKxFe2As2 (38 K) and Ba(Fe1−xCox)2As2 (23 K) since it is
allways competing with magnetism.
Furthermore, the results prove that magnetism is present throughout the
whole superconducting dome. From this finding and the temperature indepen-
dent, linear relationship between the magnetic and structural order parameter
defined as the normalized orthorhombic splitting δs and the weighted hyper-
fine field Bhf (Figure 3.15), I conclude that for effectively charge compensated
Ba1−xKx(Fe1−yCoy)2As2, the orthorhombic lattice distortion and the onset of su-
perconductivity is governed by the magnetic, potentially nematic-magnetic, in-
stability.
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Within the 122-family of iron-pnictides, the solid state solution
EuFe2(As1−xPx)2 [116] is of particular interest for at least two reasons:
• Firstly, the substition of As by P is (nominally) isovalent thus superconduc-
tivity is not introduced by extra charge carriers.
• Secondly, it contains a magnetic rare-earth element on the A-site giving rise
to magnetic order of local Eu2+ 4 f electrons in addition to the itinerant an-
tiferromagnetic order of the iron 3d conduction electrons. These local mag-
netic Eu moments interact with the electronic magnetic Fe moments.
The Eu 4 f magnetism of EuFe2(As1−xPx)2 for itself can be derived from the study
of the (right-hand) parent compound EuFe2P2. It is considered to result from an
interplay between intersite Ruderman-Kittel-Kasuya-Yosida (RKKY) and intra-
site Kondo1 interactions [133]. Due to this interaction, the Eu2+ moments do not
only order ferromagnetically along c-cirection as a result of the RKKY-exchange
but instead, a second Eu (re-)ordering transition is found at slightly lower tem-
peratures. It is still under debate, whether this secondary magnetic structure is
helimagnetic [133] or related to a subsequent freezing of ab-components below
the formation of a canted A-type AFM structure [134]. It is essential to point out
that the Eu2+ 4 f magnetism for itself has coupled in- and out-of-plane compo-
nents which persist for all As/P substitution levels [134,135] – irrespective of the
crossover from FM (EuFe2P2) to AFM (EuFe2As2) inter-plane exchange coupling.
Accordingly, the Fe 3d magnetism of EuFe2(As1−xPx)2 for itself is likely to be
derived from the study of the (left-hand) parent compound EuFe2As2 for temper-
atures above the Eu-ordering.
1Magnetoresistivity data indicate a characteristic dense Kondo behavior above the Curie tem-
perature [133]
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Preliminary remark:
Parts of this chapter have been previously published in
• T. Goltz, S. Kamusella, H.S. Jeevan, P. Gegenwart, H. Luetkens, Ph. Materne,
J. Spehling, R. Sarkar and H.-H. Klauss
Journal of Physics: Conference Series 551 (2014), 012025 [136]
In this chapter of my thesis, I provide a more comprehensive presentation of the
published results and a continuative discussion on the 122 iron pnictide system
EuFe2(As1−xPx)2 as derived from my local probe study using 57Fe Mössbauer
spectroscopy and Muon Spin Relaxation.
4.1. Introduction
Previous studies on EuFe2(As1−xPx)2 report that Fe AFM order and the accom-
panying tetragonal to orthorhombic structural transition (Ts,SDW) is suppressed
upon P substitution and eventually vanishes prior to the appearance of a super-
conducting dome [51, 52, 137, 138]. In contrast, by measuring resistivity on a sin-
gle crystal with x=0.13 under hydrostatical pressure, Tokiwa et al. [139] demon-
strated the presence of a precursory structural and Fe AFM magnetic transition
above TSC between p = 0.4 − 0.8 GPa (refering to x = 0.15 − 0.20). Likewise,
a µSR pressure study on powdered samples by Guguchia et al. [140] evidences
static magnetic order above the onset of superconductivity for similar pressures
but they also conclude that the SDW ground state is differently affected by x and
p. Only recently, Nandi et al. [141] showed the existence of a finite orthorhom-
bic splitting reminiscent of weak Fe order [87] below 50 K in a superconducting
(TSC = 25 K) single crystal with x = 0.15 at ambient conditions.
The electronic properties of EuFe2(As1−xPx)2 are also strongly affected by the ap-
plication of an external field. A systematic magnetization study by Zapf revealed
that the M(T) curves qualitatively differ if an external field of 2 G or 100 G is ap-
plied. Furthermore, a distinct field-history dependence reminiscent of spin glass
behaviour is found [134, 135].
At the beginning of this work, no systematic microscopic study of
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Figure 4.1.: Electronic phase diagrams of EuFe2(As1−xPx)2 as derived for samples
from different synthesis techniques. Picture credits: Sina Zapf [135,
page 74], data from References therein.
the temperature-substitution phase diagram and ground state properties of
EuFe2(As1−xPx)2 single crystals without any explicit symmetry-breaking forces
– viz. at zero external field and ambient pressure – was available. Some micro-
scopic studies on polycrystalline material were carried out by Nowik et al. [52]
and Guguchia et al. [140] but the reported transition temperatures as derived
from macroscopic measurements differ systematically between single crystalline
[51, 134, 137] and polycrystalline [52, 138] samples. Moreover, even for single
crystalline samples, the phase diagram looks different for crystals grown by the
Bridgeman-method and those obtained from solid state reactions [135]. While
for the former coexistence of SC and Fe magnetism is indicated, for the latter Fe
AFM order is fully suppressed prior to the appearance of a SC dome, see Fig-
ure 4.1. Only one local probe study on a P-substituted EuFe2(As1−xPx)2 single
crystal with x=0.3 (TSC = 10.5 K) by Munevar et al. [142] was available while I
finished this work. Unfortunately, this study focussed on low temperatures and
Munevar et al. did not investigated temperatures higher than 50 K.
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In order to gain a deeper insight in the microscopic interplay of Fe and Eu mag-
netism and its relation to superconductivity, I studied three single crystalline sam-
ples beeing representative for the three different ground states based on the phase
diagram by Jeevan et al. [51, see Figure 1.9]:
Firstly, EuFe2(As1−xPx)2 with x=0.13 displaying Fe and Eu(afm) magnetic order,
secondly, x=0.19 displaying superconductivity and Eu(afm) magnetic order and
finally, x=0.28 with an Eu(fm) ground state.
In this Chapter is organized as follows: After briefly showing the results from the
characterisation of the samples under study here in 4.2, I will present results of
my study (Sections 4.3 – 4.5). The obtained (T-xP) phase diagram (Figure 4.26) is
presented in Section 4.6. Finally, I will discuss the interplay of Fe and Eu mag-
netism within a framework of competing structures of the Fe and Eu magnetic
subsystems in Section 4.7.
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4.2. Single crystal synthesis and previous
characterisation
Single crystals of EuFe2(As1−xPx)2 were grown by Hirale S. Jeevan in the group
of Prof. Gegenwart (University of Augsburg) using the Bridgeman method. The
sample homogeneity and actual composition of the three samples with x = 0.13,
0.19 and 0.28 was confirmed within ∆x = 0.01 error by EDX microprobe analysis
on several points of the sample. Thermodynamic properties were determined
by resistivity, magnetization and specific heat measurements in agreement with
results on single crystals [51] and indicate bulk superconductivity for the sample
with x=0.19 whereas the samples with x=0.13 and 0.28 are non-superconducting.
For EuFe2(As1−xPx)2 with x=0.19, normalized resistivity (with the current mea-
sured in the basal ab-plane) and low temperature magnetization data are shown
in Figure 4.2. The onset of superconductivity below TonSC = 28 K is clearly evi-
0.0
0.5
1.0
 
(T
) /
 
(3
00
K
)
 
EuFe2(As1-xPx)2, x=0.19
(#HS03E)
0 25 50 75 100 125 150 175 200 225 250
0
2
4
6 T0SC TTE
 
d
/d
T 
[1
0-
3  K
-1
]
 
temperature [K]
artefact
(a) ρab(T) and ∂ρ/∂T(T) for x=0.19
0 5 10 15 20 25 30 35
-0.005
0.000
0.005
0.010
0.015
 
 
M/H from squid, H||ab
 ZFC, 50 Oe
   FC, 50 Oe
D
C
 s
us
ce
pt
ib
ili
ty
 
 [e
m
u]
temperature [K]
EuFe2(As1-xPx)2, x=0.19 (#HS03E)
(b) Mab(T) for x=0.19
Figure 4.2.: Normalized in-plane resistivity and low temperature magnetization
of EuFe2(As1−xPx)2 with x=0.19. In ∂ρ/∂T(T), the anomaly at T ≈
110 K (right arrow) is true while the sharp drop below T ≈ 40 K (left
arrow) is a numeric artefact due to the change of the data point sam-
pling. Data from H.S. Jeevan.
denced in both measurements and zero resistivity is observed below 23 K with-
out a sign of a spin re-entrant ρ(T)-behaviour [134, 143]. At higher tempera-
tures, ρ(T) shows essentially linear behaviour. No clear resolved anomaly which
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could evidence a structural and/or a magnetic phase transition is seen. Nev-
ertheless, its temperature derivative indicate a deviation from linear behaviour
below T ≈ 105 K. This weak anomaly has been previously [51] considered to be
an artefact due to the poor data point density at such high temperatures. In the
context of the results from the following local probe study and the thermal expan-
sion measurements it has to be reconsidered as a true signature of the anomalous
c-axis contraction (see Section 4.5).
Besides the diamagnetic splitting of the ZFC and FC magnetization curve be-
low TonSC, the in-plane ZFC magnetization curve shows an additional upturn be-
low 22 K. Furthermore, a local maximum at 17 K is observed which is accom-
pagnied by a saturation anomaly in the FC curve. This behaviour is similar to
the M(T) shape of EuFe2(As1−xPx)2 with x=0.17 [135, Figure 7.14]. The anomaly
at 17 K is identified as T1, so I likewise associate it to the "phase transition with
glassy character which is associated to the ordering of the in-plane components of the
Eu2+ moments." [ebd.] However the detailed structure of the M(T) shape of
EuFe2(As1−xPx)2 with x=0.17 (notably a clear observation of T2 and the shoul-
der at T & T1) is not resolved due to the relatively strong external field of 50 G
and the limited data point density. This interpretation is corroborated by a neu-
tron scattering study on a different x=0.19 single crystal [144]. There, Nandi et al.
concluded from the temperature dependency of the integrated intensity at the (0
0 2.95) and (1 0 0) magnetic reflections that A-type antiferromagnetic Eu ordering
sets in below TN = 17.0(2)K. Note that these reflections have been associated to
a ’minor phase’ of estimated 2% – the dominant magnetic Bragg reflections show
Eu order already below 20.0 K.
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4.3. 57Fe Mössbauer spectroscopy on
EuFe2(As1-xPx)2
57Fe Mössbauer spectroscopy (MS) was performed in a standard transmission ge-
ometry setup using 57Co/Rh sources with line widths (HWHM) not higher than
ω = 0.12 mm/s. The spectrometers were calibrated to α-Fe at room temperature.
For the EuFe2(As1−xPx)2 crystal with x=0.13 and for the first series of measure-
ments with x=0.19, a CryoVac Conti IT cryostat was used to stabilize tempera-
tures between 4.2 K and 300 K. A second series of measurements on the x=0.19
sample as well as the measurements on the x=0.28 sample were performed in
an Oxford LLD1 cryostat equipped with a standard VTI allowing a temperature
range between 2 K and 300 K.
In order to get a reasonable small Mössbauer thickness and highest possible
cross-section area, the single crystals were cleaved several times and arranged
to a mosaic in a closed PA 6.6 container. Apiezon N grease was used to hold
the pieces together and simoultaneously connect all pieces to the heat bath of
the cryostat as shown in Figure 4.3. The plate-like pieces were aligned with the
crytallographic c-axis is parallel to the incident γ-radiation and therefore the local
coordinate system of the hyperfine interactions can be connected to the laboratory
framework (see details below).
The obtained Mössbauer spectra were evaluated by exact diagonalization of
the full static hyperfine Hamiltonian (FSH) including electric quadrupole and
magnetic hyperfine interaction using the MössFit package [65] for all tempera-
tures of each measurement series simoultaneously. A distribution for the iron
hyperfine field was deductively extracted using the maximum entropy method.
I warmly acknowledge the support from Sirko Kamusella during the measure-
ments and the analysis of the Mössbauer spectra. He finally succeded in the nu-
merical implementation of the fit model as described in detail below.
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Figure 4.3.: Preparation of a single crystal mosaic for the 57Fe Mössbauer mea-
surements. Here shown examplarily for the EuFe2(As1−xPx)2 sample
with x=0.13.
4.3.1. Details of the analysis strategy
In this section, I present the technical details of the spectral analysis model used
for the description of the Mössbauer spectra of EuFe2(As1−xPx)2 with x=0.13 and
x=0.19 including the use of the maximum entropy method (MEM) to derive the
hyperfine field distribution (HFD). The spectra for the x=0.28 sample have been
analyzed by a Gaussian broadened HFD since no finite (unresolved) hyperfine field
splitting above TEu was obtained from the Mössbauer resonance line broadening
within accuray of the numerical MEM procedure. I emphasize, that this is the
very same fit model as was used for the previous publication [136]. Only some
minor numerical details may have changed due to the ongoing developement of
the MössFit package.
The spectra at room temperature and for T>TonFe (see Figures 4.4, 4.7 and 4.10)
display asymmetric doublet patterns which are composed of two subspectra only
differing in quadrupolar splitting consistent with the analysis of powder 57Fe
Mössbauer spectra of EuFe2(As1−xPx)2 by Nowik and Felner [52]. Therefore, two
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sites j = a, b were used in the anaysis which likewise refer to iron atoms with
only neighboring As atoms (site a) and respectively to iron atoms with at least
one P atom as neirest neighbor (site b). Both sites are assumed to display the
same HFD as motivated by the itinerant character of the Fe magnetism in iron
pnictides (see Section 1.1). In a preliminary step, the 57Fe specra were analyzed
using a (two-site) lorentzian doublet analysis approach with a constant relative
intensity ratio Aa/Ab of both subspectra and constant γ-ray texture angle θγ. The
linewidth and quadrupolar splitting does not change within error as a function
of temperature above TonFe . However upon further cooling, both parameters sig-
nificantly increase reflecting the onet of magnetic ordering as one can also derive
from the raw spectra.
Due to this observation, I assume that the linewidth ω (HWHM) and the
quadrupolar interaction (∝ V jzz) are temperature independent. In the following
global analysis (=fitting all temperatures simultaneously), V jzz, θγ and ω are ac-
cordingly set as global fit parameters. Note in anticipation of the validity discus-
sion of the results, that this procedure also reduces the total number of free fit
parameters and furthermore – by numerically coupling of all spectra – the cor-
relation of the hyperfine parameters for each individual specrum is weakened.
The values of the global parameters are assembled in Table 4.1. The polar an-
gles θ jH(T), θ
j
γ define the absolute directions of the local coordinate system with
respect to the laboratory framework. Since the plate-like crystals are mounted
perpendicular to the incident γ-beam so that c ‖ ~kγ, it is possible to extract the
orientation of the hyperfine field with respect to the crystallographic axes under
the assumption that the principal axis of the EFG tensor lies parallel to the crys-
tallographic c-axis.
However, it is not clear from the raw data (see Figure 4.7), whether the ob-
served line broadening for T<TonFe stemming from unresolved magnetic split-
ting is symmetric or not. Therefore, the spectra were analyzed with an "open"
distribution approach for the magnetic interaction making use of the maximum
entropy method for the extraction of the hyperfine field distribution. I want to
emphasize here, that the MEM intrinsically favors a symmetric distribution.
To summarize, according to Equation 2.25 and using the Mössfit notation for
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the hyperfine parameters, each individual Mössbauer spectrum at a given tem-
perature T is described by:
[I0 − I(v)] (T) = A(T)
∫ 8 T
0 T
ρMEM(H, T) FSH(v, H,X (T))dH (4.1)
Here, FSH(v, H,X ) means that the underlying line shape for each field distribu-
tion component is constructed from the Full Static Hamiltonian using the set of
hyperfine paramameters
X (T) =
{
CS(T), V jzz, θ
j
H(T), θγ, ω, A
j
}
at a given temperature. The ratio Aj=a/Aj=b is kept constant for all tempera-
tures. The discretization of the integral in Equation 4.1 was performed using 17
sampling points i = 0 . . . 16 between 0 and 8 T leading to a spread of 0.5 T for each
individual hyperfine field contributions pi to the field distribution ρMEM. For the
smoothing of ρMEM(H) we used a stepsize of 0.015 for each pi with a tolerance
parameter (max. MEM-difference) of 0.2 together with a maximum smoothing
parameter λ′2 = 0.95 for I02 = 500000.
2 The latter two define the numerical val-
ues for the maximum entropy, which for numerical reasons should chosen close
to, but smaller than unity. Here, I0 = 500000 was chosen with respect an order-
of-magnitude average for baseline values of the analyzed spectra. In order to
ensure (statistically) equal smoothing – or in other words, equally normalizing
the numerical value of maximum entropy with respect to classical statistics – the
temperature specific (=baseline specific) smoothing parameter λ(T) is automati-
cally calculated by the MössFit algorithm via [65]:
λ(T) =
√
I02
I0(T)
λ′2
1 +
(√
I02
I0(T)
− 1
)
λ′2
(4.2)
The average hyperfine field Hav is calculated from the HFD by simply summing
2The actual used MEM-command is MEM 900 0.015 0.2 0.95 500000, see appendix A.2
for the complete fitfile syntax
90
4.3. 57Fe Mössbauer spectroscopy on EuFe2(As1-xPx)2
up the properly weighted contributions for each field value:
Hav = ∑ pi · Hi, ∑ pi = 1 (4.3)
Accordingly, the error in Hav is calculated from the mean error of each individual
pi of the given field value:
∆Hav = 1/i ∑ ∆pi · Hi (4.4)
The numerical validity of the fit and accordingly the credibility of ρMEM andX (T)
is briefly discussed from the fit statistics. The global fit as explained above, yields
temperature specific values for:
1. MEM-iterations = 203 . . . 428 < 900
2. MEM-difference = 0.064 . . . 0.089 < 0.2
3. values of χ2red = 1.03 . . . 1.19 below T
on
Fe
From these numbers I conclude the following:
⇒ (1) and (2) show that the fit of ρMEM at each individual temperature has well
converged in entropy space.
⇒ (3) shows that the extracted hyperfine parameters X (T) as well as ρMEM for
the magnetic spectra are not suffering from an over-parametrisation
As a final remark, I want to emphasize that for the analysis of the second series of
measurements for x=0.19, the improved MEM algorithms implemented in a more
recent version of MössFit yield χ2red-values of 0.92
3 to 1.11 and values of typically
0.3 . . . 0.9 for the K-S-confidence, see details in Table A.5. In the second measure-
ment series, all results from the first series could be reproduced with a significant
improvement for the numerical error determination. A more detailed descrip-
tion of the fitting algorithms and particularly for the error calculation will be pre-
sented by S. Kamusella at the ICAME 2015 and will be available from the confer-
ence proceedings via the Mössbauer Effect Data Center (www.medc.dicp.ac.cn).
3Here, χ2red is only smaller than unity for T=97.1 K, thus very close to T
on
Fe
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4.3.2. Results and discussion for x=0.13
In Figure 4.4, selective 57Fe Mössbauer spectra for a single crystalline mosaic of
EuFe2(As1−xPx)2 with x=0.13 are compiled. The paramagnetic doublet pattern
at (290 K, purple) is significantly broadened below 140 K due to magnetic split-
ting resulting from the ordering of the iron sublattice (80 K, red and 30 K, green).
The 4.2 K (brown) spectrum differs from that at 30 K, possibly indicating a redis-
tribution of the Fe hyperfine field due the interaction of the ordered europium
sublattice (TEu = 21 K).
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Figure 4.4.: Selective 57Fe Mössbauer spectra I(v) for single crystalline
EuFe2(As1−xPx)2 with x=0.13. Lines are fits to the data.
A two-site model as described in the previous Section for the spectral analysis
was applied using ω = 0.15 mm/s, Vazz = 9(3) and Vazz = 24(3)V/Åas deried
from fitting non-magnetic spectra (T > 140 K) with a Lorentzian lineshape. The
ratio of the two subspectra a ≡ Aa/Ab = 0.55/0.45 obtained in for a simoul-
taneous fit for T > 140 K is consistent to the anticipated value derived from the
probalistic function (1− 0.13)4 → a = 0.57/0.43, however the error in determinig
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Figure 4.5.: Temperature dependency of ρMEM for EuFe2(As1−xPx)2 with x=0.13.
The averaged hyperfine field is shown by the red line. The appear-
ance of finite intensites of ρMEM at small fields for T > 140 K is a
known numerical artefact from the implemented version of the max-
imum entropy method and does not correspond to a real hyperfine
field.
these fractions Aa = 0.55± 0.15 due to the small sample size is to big to state a
conclusive interpratation from this finding.
In contrast to that uncertainty, the 57Fe Mössbauer spectra display unam-
bigously magnetic line broadening between 140 and 80 K as illustrated by dis-
tinct change of the hyperfine field distribution shown in Figure 4.5. About 75% of
the spectral weight is shifted to discernible hyperfine field values (= ∑ pi ∀ Bi >
1.25 T) below 40 K. This fraction is associated to the magnetic ordered volume
fraction and it directly follows from this definition, that for EuFe2(As1−xPx)2 with
x=0.13 the SDW phase – despite beeing a bulk property – is not observed in 100%
of the sample volume. Note that the corresponding ≈ 25 % sample signal as-
sociated with a non-magnetic volume fraction can be seen in the raw-Mössbauer
spectrum at 30 K (green dots and line) by the nose-like dip arround v = 0.6 mm/s
in the center of the Mössbauer resonance and is not an numerical artefact from
the determination of the HFD.
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The observed change in ρMEM for EuFe2(As1−xPx)2 with x=0.13 as a function of
temperature is reminiscent to the modification of the hyperfine field distribution
W(B) in EuFe2As2 [61]. As reported there, the HFD changes due to the alteration
of the SDW line shape from sinoidal to rectangular (=commensurate) in between
191 and 145 K. For a better comparasion of the changes in the HFD derived from
the MEM analysis ρ(B) in EuFe2(As1−xPx)2 with x=0.13 as compared to W(B) in
EuFe2As2, I provide lateral cuts of ρ(B) for several temperatures in Figure 4.5.
These cuts reveal firstly a bimodal field distribution in the Fe SDW phase sim-
ilar to several other substituted 122 iron pnictides studied by 57Fe Mössbauer
spectroscopy [145, 146, examplarily]. Secondly, a non-vanishing contribution for
Bhf 6 1.25 T, thus smaller than the cut-off field (see Figure 4.5), is found for all
temperatures.
I associate these findings with substitution-related disorder: The two compo-
nents of the bimodal HFD are refering to different sample regions in which the
local phosphorous concentration is low (high-field component arround 5.5 T) or
slightly enhanced (low-field component arround 2.0 T). The non-vanishing con-
tribution for Bhf 6 1.25 T to the HFD pattern is associated with a sample volume
for which the (local) Fe ordering is fully suppressed due to a strongly enhanced
local phosphorous concentration.
To summarize, a total spectral shift of 0.50(1) mm/s at T = 4.2 K and 0.37(1) mm/s
at room temperature (relative to metallic iron) is found. Iron magnetic order is ev-
idenced below TonFe ≈ 115 K with a saturation value of 4.2(3) T at T = 4.2 K for the
averaged hyperfine field (red line in Figure 4.5) within a magnetic volume frac-
tion of 75(10)%. Independent of temperature, the 57Fe hyperfine field is canted
out of the ab-plane by 15(5)◦ (θc = 75(5)◦). Comparing the 57Fe spectra and HFD
for T=30 and 4.2 K, a change of the 57Fe hyperfine field pattern below TEu is in-
dicated but no evidence for the interplay of the Fe and Eu magnetic subsystems
can by directly concluded.
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Figure 4.6.: Lateral cuts of ρMEM for EuFe2(As1−xPx)2 with x=0.13. The average
value for the hyperfine field using the same notation as in [61] is il-
lustrated by the bold black line. The dotted line at Bhf = 1.25 T de-
notes the cut-off field separating non-magnetic and magnetic volume
fractions. Magnetic (T6 80 K) and non-magnetic (T> 140 K) HFD are
distinguished by a convex and respectively concave slope for small
field values.
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4.3.3. Results and discussion for x=0.19
preliminary remark:
In this section, I will present the results of a second series of measurements
in detail albeit the previous series yielded qualitatively similar results (see Ap-
pendix A.2.1). In the second series, we measured in total 18 Mössbauer spectra
for temperatures between 2.3 and 295 K focussing on temperatures between 15
and 40 K.
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Figure 4.7.: Selective 57Fe Mössbauer spectra for single crystalline
EuFe2(As1−xPx)2 with x=0.19 illustrating the onset of Fe order
below 95 K by significant line broadening of the Mössbauer reso-
nances (left panel) and the observation of a transferred hyperfine
field below the onset of Eu order below 20 K (right panel). Lines are
fits to the data.
Selective 57Fe Mössbauer spectra of single crystalline EuFe2(As1−xPx)2 with
x=0.19 are shown in Figure 4.7. The paramagnetic doublet pattern becomes sig-
nificantly broadened below TonFe = 95 K due to non-resolved magnetic splitting
resulting from the ordering of the iron subsystem, see Figure 4.7a. As illustrated
in Figure 4.7b, a transferred hyperfine field from the europium sublattice is evi-
denced below 20 K
The spectra are analyzed by the same two-site model using exact diagonal-
ization of the full static Hamiltonian including electric quadrupolar and mag-
netic dipolar interaction as for the the sample with x=0.13 in the previous Section
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site a (Fe-As) site b (Fe-As/P)
series II:
Aa/Ab 0.47 0.53
ω [mm/s] 0.125(5) 0.125(5)
Vzz [V/Å] 13.8(5) 18.0(5)
θH θH(T) θγ − θH(T)
θγ 0 33(1)◦
H H 7→ ρMEM(H,T), see Figure 4.9
θc θc(T), see Figure 4.8
CS CS(T), see Figure 4.8
series I:
Vzz [V/Å] 14.5(5) 23.2(5)
θγ 0 28(1)◦
Table 4.1.: Compilation of the hyperfine parameters X for EuFe2(As1−xPx)2 with
x=0.19 extracted from the global fit as explained in Section 4.3.1. Here,
all given parameters are global fit parameters or explicitely labeled as
x(T). The global parameters for the first measurement series are given
for comparision.
(see details in Section 4.3.1). Accordingly a common hyperfine field distribution4
was assumed. As for the sample with x=0.13, this HFD was extracted by the
maximum entropy method and the derived temperature dependency of ρMEM is
shown in Figure 4.9. The obtained hyperfine parameters from simoultaneously
fitting the spectra for all temperatures are compiled in Table 4.1.
The ratio of the two subspectra a ≡ Aa/Ab = 0.47/0.53 is in reasonable agree-
ment to the anticipated value derived from the probalistic function (1− 0.19)4 →
a = 0.43/0.57 within accuracy of the experimental data and numerical degrees of
freedom (∆Aa . 0.1). In accordance to the findings by Nowik et al. [52], the site a
is attributed to iron atoms surrounded by As atoms only and labeled as "Fe-As"
in Table 4.1.
Determination of the onset of magnetic ordering
The onset of magnetic order is below 95(5) K is deduced from (i) a significant
broadening of the Mössbauer resonances as illustrated in Figure 4.7 and (ii) by a
4As motivated by the itinerant character of Fe magnetism.
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distinct discontinuity of the center shift between 97.1 and 92.5 K, shown in Fig-
ure 4.8.
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Figure 4.8.: Temperature dependency of the center shift and c-axis tilting θc for
EuFe2(As1−xPx)2 with x=0.19 adopted from previously published
work [136]. The arrows denote TonFe (blue) T
on
SC (orange), T
AFM
Eu (brown)
and TglassEu (red) respectively. The gray shaded area indicate the tem-
perature regime in which a remarkeble increase of the HFD width is
observed (see main text).
At TonFe = 95 K, an anomaly in the temperature dependency of the
57Fe center shift
is observed. Allthough the amplitude (-0.005 mm/s) of this small drop is close to
the limit of experimental resolution, the overall temperature dependence of CS(T)
below 95 K shows a systematic deviation from the Debye behavior (straight line in
Figure 4.8) as derived from the quadratic Doppler effect at higher temperatures.
A similar center shift anomaly at the onset of Fe magnetic order was also ob-
served in 57Fe Mössbauer experiments on the parent compound EuFe2As2 by
Błachowski et al. [61]. In that study, the decrease of the CS(T) was related to the
tetragonal-to-orthorhombic structural phase transition. In contrast, thermal ex-
pansion measurements on the identical sample of EuFe2(As1−xPx)2 with x=0.19
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under study here (see Section 4.5) evidence that the structural related anomaly
(TTE = 110 K) is well separated in temperature from the center shift anomaly
(TCS = 92 . . . 97 K). Therefore I conclude, that the decrease of CS(T) is associated
to a decrease of the chemical isomer shift showing that the electron density at the
57Fe nucleus increases. This finding is reminiscent to the Curie-point discontinu-
ity of the chemical isomer shift observed in metallic iron and iron alloys [56,147].
Note that an increase of the electron density at the iron site is consistent to an
ESR study of EuFe2As2 [148] from which Dengler et al. concluded a spatial con-
finement of the conduction electrons to the FeAs layers in the SDW state from a
change of the Eu spin relaxation.
Magnetic order derived from non-resolved nuclear Zeeman splitting
The distinct anomaly in the center shift marking the onset of magnetic order is
accompagnied by a significant broadening of the Mössbauer resonances (see Fig-
ure 4.7a) as a result of non-resolved nuclear Zeeman splitting. This change is
reflected in the hyperfine field distribution by a significant transfer of spectral
weight to discernible5 field values, similar to that observed for EuFe2(As1−xPx)2
with x=0.13.
For temperatures between 95 and 40 K, a typical order parameter-like curve for
the temperature dependency of the averaged hyperfine field Hav is found, illus-
trated by the solid red line in Figure 4.9. I relate this to the static magnetic order
of the iron subsystem. However below T ≈ 40 K, Hav(T) displays a peculiar,
non-monotonous behaviour. In addition, below TAFMEu = 20 K a transferred hy-
perfine field resulting from static, coherent Eu magnetic order is evidenced as one
can directly see from the change of the shape in the spectra for 30 and 4.2 K (see
Figure 4.7b). I will discuss the temperature dependency of Hav in more detail in
Section 4.6.4.
Finally, Figure 4.9 shows that for temperatures below T 6 35 K, a remarkeble
5As for EuFe2(As1−xPx)2 with x=0.13, a cut-off field separating non-magnetic and magnetic
volume fractions in the HFD was defined by the value for the underlying (non-magnetic)
Lorentzian experimental linewidth ω. For x=0.19, this cut-off field (1.0 T, black horizontal line
in Figure 4.9) is slightly lower as that for x=0.13 since ω(x = 0.19) = 0.125 mm/s is likewise
smaller than ω(x = 0.13) = 0.15 mm/s.
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Figure 4.9.: Temperature dependency of ρMEM for EuFe2(As1−xPx)2 with x=0.19.
The average hyperfine field derived by the HFD is illustrated by the
red line, the cut-off field value by the black dashed line. The appear-
ance of finite intensites of ρMEM at small fields for T > 100 K is a
known numerical artefact from the implemented version of the max-
imum entropy method and does not correspond to a real hyperfine
field.
increase of the HFD width is found, which is restored below TEu. A similar be-
haviour is found for the ZF-µSR transverse relaxation rate λT below 50 K and is
discussed there, see Section 4.4.2, Figure 4.20a.
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4.3.4. Results and discussion for x=0.28
Selective Mössbauer spectra of single crystalline EuFe2(As1−xPx)2 with x=0.28 are
shown in Figure 4.10a.
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Figure 4.10.: Left: Selective Mössbauer spectra of single crystalline
EuFe2(As1−xPx)2 with x=0.28. Right: Onset of magnetism is
evidenced by a distinct broadening of the Lorentzian linewidth
below 120 K using a paramagnetic fitting approach.
Analysing the spectra with a single-site Lorentzian lineshape, the paramag-
netic pattern at room temperature reveals a quadrupolar splitting of QS =
0.10(1)mm/s and a linewidth (HWHM) ω = 0.16 mm/s. The center shift with re-
spect to metallic iron is of 0.370(5) mm/s. Upon cooling, neither QS(T) nor ω(T)
are changing within experimental resolution for temperatures above 120 K. In this
temperature regime, CS(T) displays a typical linear increase for decreasing tem-
peratures due to the Second-order Doppler effect, see Figure 4.13a. Below 120 K
– for this paramagnetic fitting approach – the Lorentzian linewidth and likewise
the quadrupolar splitting increase significantly. However, the fits become succe-
sively poorer for lower temperatures which is a characteristic fit-model artefact:
In the presence of weak magnetic order, non-resolved nuclear Zeeman splitting
alters the Lorentzian lineshape due to combined magnetic and quadrupolar in-
teraction and therefore, only the onset of magnetism can be concluded from Fig-
ure 4.10b.
I tried to fit the spectra for TAFMEu = 20 K 6 T 6 120 K using the same model
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as for the samples with x=0.13 and 0.19. The HFD extracted by the maximum
entropy method displays a paramagnetic-like HFD distribution similar to that of
x=0.13 at T=140 K (see Figure 4.6). However the statistics from the fitting pro-
cedure shows that the use of such a hyperfine field distribution leads to an over-
parametrization of the spectra. In order to significantly reduce the number of free
fit parameters, the 57Fe Mössbauer spectra for the sample with x=0.28 have been
finally analyzed using a Gaussian broadened HFD for which
P(H) ∝ exp
[
− (H − H0)
2
2σ2
]
(4.5)
Here, H0 is the mean hyperfine field value of the Gaussian HFD denoted as center
field in the following and σ is the Gaussian field width. The temperature depen-
dencies of H0 and σ are shown in Figures 4.11a and 4.11b.
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Figure 4.11.: Temperature dependencies of the Gaussian HFD parameters for
EuFe2(As1−xPx)2 with x=0.28, see main text.
H0 is essentially zero for 20 K 6 T 6 120 K while finite values for σ(T) display a
distinct increase towards lower temperatures. In Figure 4.11b, the maximum of
σ(T) is found close to TAFMEu as determined by specific heat and resistivity. There-
fore, I relate the observed magnetic signatures observed at higher temperatures
likewise to the europium subsystem. In anticipation of the results from ZF-µSR, a
102
4.3. 57Fe Mössbauer spectroscopy on EuFe2(As1-xPx)2
comparision of σ(T)6 to the temperature dependency of the dynamic rate λL is
shown in Figure 4.12.
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Figure 4.12.: Effective Mössbauer resonance linewidth ωeff (blue dots) and
ZF-µSR dynamic rate λLUD for µ spin ‖ c (black triangles) in
EuFe2(As1−xPx)2 with x = 0.28. The one-to-one correspondence
of both observables, emphasized by the gray line, shows that the
broadening of the 57Fe Mössbauer resonances is caused by dynamic
europium magnetism, see main text.
The slopes for ωeff and λL(T) are similar to the characteristic slope for a crit-
ical slowing down of spin fluctuations displaying a maximum at the static or-
dering temperature and exponentially decreasing for higher temperatures. From
combining the results from 57Fe Mössbauer spectroscopy and ZF-µSR, I con-
clude, that the observed line broadening of the 57Fe Mössbauer resonances for
TAFMEu 6 T 6 120 K is related to dynamic Eu magnetism. The finding that θ
c in this
temperature regime adopts the Magic Angle value of 54.7◦, see Figure 4.13b, is
consistent with this interpretation.
6The field width σ [T] can be expressed in terms of an effective, magnetic linewidth ωeff [mm/s]
by ’unfolding’ the experimental (paramagnetic) linewidth and the Gaussian field widht. From
the assumption that 2 ωPM = 1/2 σ follows that ωeff [mm/s] = 1/3.7 σ [T] using the 57Fe
hyperfine field conversion factor [53] of 0.068 T per mm/s.
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As displayed in Figure 4.11a, well-defined finite values for H0 and a sudden
decrease of σ is found below TAFMEu . The increase of H0 is associated with a trans-
ferred hyperfine field (Ht) from static magnetic Eu ordering. The presence of Ht
is clearly seen in raw-data comparing the Mössbauer spectra measured at T=24
and 4.2 K and is also reflected by the increase of the chemical center shift (see
Figure 4.13a) below TAFMEu .
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Figure 4.13.: Temperature dependency of the center shift (left) and c-axis tilting
θc (right) for EuFe2(As1−xPx)2 with x=0.28. Both observables reveal
a distinct anomly at TAFMEu = 20 K showing that the
57Fe hyperfine
patterns are affected by the Eu magnetic order.
At lowest temperatures measured (4.2 K) Ht = 1.2(1)T and the direction is
found to be tilted out of the ab-plane by 20◦. This is in good agreement to re-
ported values of θc = 15 . . . 22◦ and Ht ≈ 1 T for EuFe2(As1−xPx)2 with a high P
substitution level [52] and EuFe2P2 [133], see compilation in Table 4.2.
To summarize, the broadening of the 57Fe Mössbauer resonances below
120 K ≡ T∗Eu is attributed to dynamic Eu magnetism which enters the experimen-
tal accessible time window. The observation of a transferred hyperfine field, the
temperature dependency of the c-axis tilting of Ht and the increase in the chemi-
cal shift reveals static Eu magnetic order below TAFMEu = 20 K. and show that the
Fe and Eu magnetic subsystems are interacting.
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4.4. Muon Spin Rotation on EuFe2(As1-xPx)2
Muon spin rotation measurements were performed using the GPS spectrome-
ter7 at the πM3 beamline of the Swiss Muon Source at the Paul Scherrer Insti-
tut, Switzerland. The data were analyzed using the MUSRFIT package [80]. In
the experiments, the plate-like single crystals were mounted with the crystal c-
axis parallel to the initial muon beam. Since the sample masses are rather small
(12 mg for the x=0.13 and 30 mg for the samples with x=0.19 and x=0.28), alu-
minum foils with a thickness of 250 and 450 µm, respectively, were placed in
front of the samples acting as a muon degrader. From the muons stopping in the
Al foil and cryogenic environment, a temperature independent background sig-
nal is obtained. Due to the small size of the investigated sample with x=0.13, only
a poor sample signal is obtained. In contrast, the samples with x=0.19 and x=0.28
were large enough to obtain a clearly evaluable sample signal (background signal
is 10%–20%) and accordingly, detailed intrinsic results could be inferred.
The muon spin polarization was rotated by α = 42◦ with respect to the initial
beam direction and the vertical axis (‖ to the up-down detector pair axis) of the
laboratory framework as determined by transerse field (TF) experiments at 250 K.
In this arrangement, we can simultaneously measure the zero field (ZF) µSR time
spectra for µ spin ⊥ c and µ spin ‖ c by evaluating the P(t) from the up-down
(UD) and forward-backward (FB) detector-pairs separately.
4.4.1. Results and discussion for x=0.13
Due to the small sample mass (∼ 13 mg) the data quality of the ZF-µSR spectra on
display in Figure 4.14a is to low to extract detailed intrinsic physical properties
of the sample. However the onset of AFM Fe is derived from a loss in the initial
asymmetry P0. This ’missing fraction’ can be related to signal resulting fron fast
electronic relaxation.
The onset of magnetic order is found at TonFe = 115(5)K, consistent with results
from 57Fe Mössbauer spectroscopy (see Section 4.3.2). The following broad mag-
netic transition is only complete below T ≈ 40 K as illustrated by the temperature
7See http://www.psi.ch/smus/gps for a detailed decription of the GPS spectrometer
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(a) Selective ZF-µSR time spectra
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Figure 4.14.: Results of the ZF-µSR experiments on EuFe2(As1−xPx)2 with x=0.13.
From the temperature dependency of the initial Muon spin polarisa-
tion TFeN = 71(3)K is concluded.
dependency of P0 in Figure 4.14b.
From these data, TFeN is defined at the midpoint of the very broad transition and
obtained by a sigmoidal fit (black line in Figure 4.14b):
P0 = a1 +
a2 + a1
2
{[
erf
(
T − TFeN√
2σ2
)
+ 1
]}
(4.6)
This leads to TFeN = 71(3)K and a transition width of σ ≈ 25 K. Further conclu-
sions from the data are prohibited by the very low signal-to-noise ratio resulting
from the small sample size.
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4.4.2. Results and discussion for x=0.19
Selective ZF-µSR spectra of EuFe2(As1−xPx)2 with x=0.19 illustrating the onset of
static Fe magnetic order below 110 K and static Eu magnetic order below 20 K are
shown in Figure 4.15.
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(a) ZF-µSR spectra for T> 30 K
0.6
0.8
1.0
0.6
0.8
1.0
-0.5
0.0
0.5
1.0
0.02 0.04 0.06 0.08 0.10
-0.5
0.0
0.5
1.0
 
  
 
 30 K
  
 
 21 K
  
 
 15 K
 
 5 K
no
rm
al
iz
ed
 m
uo
n 
sp
in
 p
ol
ar
is
at
io
n
time ( s)
(b) ZF-µSR spectra for T6 30 K
Figure 4.15.: Selective ZF-µSR of EuFe2(As1−xPx)2 with x=0.19 as measured in the
UD detector pair (µ spin ⊥ c). (a) Below 110 K, the appearance of a
cosine shaped precession signal illustrates the onset of coherent Fe
magnetic order. (b) Below 20 K, a much faster and more pronounced
oscillation (note the difference amplitudes) evidences coherent Eu
order.
At high temperatures (T > 110 K) a weakly damped exponential muon spin de-
polarization is observed in both detector pairs. Below 110 K, a strongly damped,
cosine shaped precession signal becomes visible in the UD detector pair at short
times marking the onset of static Fe magnetic order (Figure 4.15a). For tempera-
tures below 20 K, the ZF-µSR time spectra show multiple, well-resolved cosine-
shaped oscillations with a much higher frequency associated with the static or-
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dering of Eu (Figure 4.15b). In contrast, the shape of the muon spin depolar-
ization in the FB detector pair displays predominantly dynamic relaxation (Fig-
ure 4.16a).
I will firstly present the obtained results from the analysis of the for-
ward/backward (µ spin ‖ c) detector pair:
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Figure 4.16.: Left: normalized ZF-µSR time spectra observed in the FB detector
pair (µ spin ‖ c), taken from [136]. Right: corresponding temper-
ature dependency of the initial value of the normalized asymmetry
P0FB (right). The colored vertical lines refer to the transition tempera-
tures TonFe = 105 K (blue), T
on
SC = 28 K (orange), T
AFM
Eu = 20 K (brown)
and TglassEu = 17 K (red).
No oscillations can be observed for all temperatures. Instead, the ZF time spectra
display essentially dynamic relaxation (see Section 2.2.2) as seen by a slow expo-
nential depolarization of the muon spin ensemble in Figure 4.16a. However, the
initial value of the normalized asymmetry PFB(t = 0) ≡ P0FB is found to decrease
as a function of temperature and accordingly, the ZF time spectra were analyzed
by the muon spin depolarization function
PFB(t, T) = P0FB(T) · e−λ
L
FB(T)·t (+PBG) . (4.7)
The small but sizable decrease of the muon spin polarisation observed at short
times below 100 K is related to a fast exponentially damped (λ ≈ 100 µs−1) con-
tribution to PFB(t). This "loss of asymmetry" is associated with muons expiring
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a broad static magneticthe slope of the field distribution due to static disordered
local moments. Apparently, these disordered local moments are connected to the
glassy ordering of the in-plane components of the Eu2+ moments [135, Figure
7.14] as a distinct anomaly of P0FB is found at T
glass
Eu . In contrast, no connection
of these local in-plane moments with respect to the onset of superconductivity at
TonSC can be derived from Figure 4.16b. This indicates that superconductivity in
this system is not related to Eu magnetic ordering.
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Figure 4.17.: ZF-µSR dynamic relaxation rates for EuFe2(As1−xPx)2 with x=0.19
and its spatial anisotropy as a function of temperature.
The temperature dependence of the dynamic rate λLFB is shown in Figure 4.17a
together with λLUD(T). In both curves, a remarkeble increase below ∼ 50 K and a
maximum at TAFMEu is found. Below T
AFM
Eu , a strong spatial anisotropy of the dy-
namic relaxation rates is found which is associated with an axial anisotropy of the
Eu spin fluctuations in accordance with the anisotropy of the Eu-ESR linewidths
measured on various EuFe2(As1−xPx)2 single crystals [148, 149]. Owed to the
experimental details (see error bars in Figure 4.17a), I infer no more further con-
clusive statements from the presented µSR data. One might consider that the
indicated hump closely below TAFMEu is a true anomaly – then, a potential rela-
tion between the anisotropy of λLFB/λ
L
UD and T
glass
Eu might be concluded (see Ap-
pendix A.2.3).
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I will now turn to the results derived by the analysis of the ZF-µSR spectra in the
UD detector pair (µ spin ⊥ c):
As one can see in Figure 4.15a, the amplitude of the coherent oscillatory signal
increases upon further cooling down to 30 K showing a gradual increase of the
magnetic volume fraction.
According to Equation (2.41), the ZF time spectra were analyzed by
P(t) = a1 e−λ1·t + a2 cos
(
γµ Bµ t + φ
)
e−λ2·t + aNM e−λNM·t + aBG (4.8)
where γµ = 2π · 135.53 MHz/T is the gyromagnetic ratio of the muon. The am-
plitude of a constant background signal aBG has been determined independently
by a weak TF measurement at 5 K. Since for a magnetic signal in single crystals,
the ratio of a1/a2 is arbitrary (see Section 2.2.2), I kept a2/(a1 + a2) constant while
maintaining the normalization condition such that a1 + a2 + aNM + aBG = const.
Furthermore as it is typically done to reduce the number of free fit parameters –
see examplarily in [78, 79] – the relaxation rate for the non-magnetic (NM) vol-
ume fraction is considered to be equal to the longitudinal relaxation rate of the
magnetic volume fraction, thus λNM = λ1 ≡ λLUD in (4.8). Moreover, due to the
strong damping of the oscillation BµUD ≈ λTUD, these two parameters have been
coupled to a constant ratio for 50 K 6 T 6 100 K. This constraint has been re-
laxed for T 6 50 K only after globally fitting the arbitrary ’single crystal’-phase
and a2/(a1 + a2)-ratio from the time-spectra in the temperature regime above
50 K. From Equation (4.8), the ZF-µSR magnetic volume fraction is given by
Vmag, ZFUD =
a1 + a2
a1 + a2 + aNM
In total, this procedure leads to a reduction to only 4 independent fit parame-
ters at a given temperature (Vmag, Bµ, λT and λL – discarding the index UD) plus
3 global parameters for 10 measured ZF spectra described by Equation (4.8) for
T above TEu = 20 K. The outcome yields φ = −128◦ and a2/(a1 + a2) = 0.64(2).
The latter value is in accordance with a local field lying essentially within the
ab-plane and only coincidently similar to the powder-value of 2/3. The tempera-
ture depencies of Bµ, λT and λL and Vmag are shown in Figures 4.19, 4.20a, 4.20b
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and 4.18, respectively and discussed further below. Note, that the used analysis
model as described above is technically equivalent to the ZF-µSR depolarization
function
PUD(t) = VoscUD cos
(
γµ BµUD · t + φ
)
e−λ
T
UD·t + VrelaxUD e
−λLUD·t (4.9)
used by Guguchia et al. [140] for powdered EuFe2(As1−xPx)2.
The validity for the derived ZF-µSR magnetic volume fraction (reminding that
a single crystal was mesaured) is confirmed by a comparison of the ZF magnetic
volume fraction Vmag, ZFUD to the magnetic volume fraction which has been unam-
bigously derived by Vmag, TFUD from weak TF measurements. In Figure 4.18, the
temperature dependency of the magnetic volume fractions from ZF/TF µSR is
shown together with the magnetic volume fraction as derived from Mössbauer
spectroscopy for the same sample.
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Figure 4.18.: Magnetic volume fractions for EuFe2(As1−xPx)2 with x=0.19.
As illustrated in Figure 4.18, the magnetic volume fraction (Vmag) increases
gradually below TonFe = 105(5)K and eventually remains constant below 40 K
with a saturation value of Vmag(T) = 0.4. Notably, Vmag(T 6 40 K) = 0.4 is in
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remarable agreement to the anticipated value of (1− 0.19)4 = 0.43 derived from
the probalistic function (1− x)4 related to the number of iron atoms which are
surrounded by As atoms only. This observation is discussed together with the
electronic phase diagram in Section 4.6.
Discussion of the results from ZF-µSR
The appearance of an coherent oscillating ZF-µSR signal below 110 K evidences
the onset of static Fe magnetic order. However, magnetic ordering is not observed
in 100% of the sample volume.
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Figure 4.19.: Temperature dependency of the local field at the muon site in
EuFe2(As1−xPx)2 with x=0.19 as determined by ZF-µSR
The temperature dependency of the local field at the muon site is shown in
Figure 4.19. The straight line is a fit according to the empirical order parameter
function
B(T) = B0 ·
[
1−
(
T/TFeN onset
)δ]β
(4.10)
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in the temperature regime 50 K 6 T 6 110 K. Following Klauss et al. [150], δ was
was fixed to the theoretical value of 2 for a cubic sytem [150, 151]. The extracted
value β = 0.27(2) is in perfect agreement to the universal critical exponent in the
class of chemically substituted iron pnictides reported by Wilson et al. [92] and
reasonably close to the theoretical value of 0.25 for a (classical) tricritical point
using Landau-Ginzburg theory in a mean field approximation. The fit yields a
value of B0=0.38(2) T in accordandance with available µSR data for powdered
EuFe2(As1−xPx)2 [140].
The strong damping of the oscillatory signal reflects a broad distribution of
the mean static local field at the muon site. This is in agreement to the results
from 57Fe Mössbauer spectroscopy where the on-site hyperfine field at the Fe
nucleus displays also a broad HFD for which the field width is of the order of
the mean local field. From this I conclude that firstly, the broad field distribution
at the muon site is related to the intrinsic field distribution of the itinerant Fe
magnetism as a result of the chemical substitution and secondly, the Fe magnetic
order is short-ranged.
Below ∼ 50 K, additional damping of the oscillatory signal is observed in the
ZF-µSR spectra. As shown in Figure 4.20a, this leads to an increase of λTUD from
50 µs−1 below TonFe to 75 µs
−1 below 50 K. Below the onset of static Eu magnetic
order at TAFMEu = 20 K, the value for λ
T
UD is restored.
This increase of the static field width (λT) is accompagnied by a downturn of
the measured values for the local field (Bµ) with respect to the extrapolated order
parameter curve, as shown in the inset of Figure 4.19. Notably, λTUD increases
similarly to the increase of the amplitude of the fast relaxating signal (1− P0FB)
in the FB detector pair which is associated with the formation of a static, disor-
dered local Eu moment (see above). From this, I infer that the reduction of Bµ(T)
is related to the formation of a static, disordered local Eu moment which inter-
acts with the ordered Fe magnetic moment. The interaction weakens the static-
coherent character of the Fe magnetic order which is accordingly reflected by an
additional broadening of the Mössbauer hyperfine field distribution width (see
Figure 4.9). Note, that such a behaviour is also reported for CeFeAsO1−xFx with
x=0.048 (non-SC) and x=0.060 (SC) [127].
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Figure 4.20.: Temperature dependencies of the ZF-µSR transverse (a) and longi-
tudinal (b) rates in EuFe2(As1−xPx)2 with x=0.19.
Eventually at TAFMEu = 20 K, the Eu magnetism changes its character from in-
coherent short-ranged to coherent long-range. This is seen by the multiple, well-
resolved cosine-shaped oscillations in Figure 4.15b from which I also infer that
the static ordering of Eu is a bulk property.
However, for a commensurate magnetic structure of the Eu magnetic subsys-
tem as concluded from a neutron scattering study [144] on different sample with
the same phosphorous concentration, one would expect a global phase φ ≡ 0 in
Equation 4.8, but one can see already from the raw-data at 21, 15 and 5 K (see Fig-
ure 4.15b) that φ(T) is hardly constant. As expected, χ2 changes significantly if a
finite phase is allowed. Moreover, φ(T) is about−45◦ for T close below TAFMEu and
monotonically approaches zero for T → 0 K. This indicates a smooth crossover
from a complex non-commensurate to a commensurate magnetic structure below
TAFMEu .
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Result of the µSR pinning experiment at T=24 K
Aiming to proove a microscopic coexistence of superconductivity and iron AFM
order, we performed a so-called µSR "pinning experiment". In such an experi-
ment, on can verify bulk superconductivity by isothermally reducing an external
applied transverse field µ0H0 ≡ B0 after field cooling below the superconduct-
ing transition temperature8, see References [79, 96] for details. By comparing the
Fourrier transform of the time histograms taken in both fields – i.e the local field
distributions– one observes that the vortex lattice as illustrated by the local field
distributions does not follow the reduction of the external field but instead re-
mains "pinned" at the initial field value for B0. Such an observation microscopi-
cally proofs bulk superconductivity.
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Figure 4.21.: "Failure" of our µSR pinning experiment at T=24 K. No flux line lat-
tice pinning is observed as seen from a shift of both sample related
signals (B1, B2) identical to the shift of the external field (B0).
In our experiment as illustrated in Figure 4.21, we applied an external field of
5000 G at T ∼ 150 K and then cooled down to 24 K. Note that TAFMEu = 20 K <
24 K < 25 K = T0SC. We measured a time histogram at B0 = 5000 G then isother-
8This applies in a type II superconductor for µ0Hc1 < B0  µ0Hc2
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mally reduced the field to B0 = 4500 G at which a second time histogram was
taken. The Fourrier transform of both time histograms (B0 = 5000 G in dark blue
and B0 = 4500 G light blue curve) show that both broad peaks at B1 and B2 related
to the sample signal shift by -500 G according to the change of the external field B0
as illustrated by the red arrows. From this result, I cannot conclude the absence of
bulk superconductivity in EuFe2(As1−xPx)2 with x=0.19, since the pinning-proof-
argument for bulk SC is not bijective. Note that a similar µSR pinning experiment
on a comparable sample of EuFe2(As1−xPx)2 with x=0.3, for which bulk SC was
concluded, failed likewise [142].
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4.4.3. Results and discussion for x=0.28
Selective ZF-µSR spectra for EuFe2(As1−xPx)2 with x=0.28 obtained in the UD
detector pair (µ spin ‖ c) are shown in Figure 4.22.
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Figure 4.22.: Selective ZF-µSR spectra for EuFe2(As1−xPx)2 with x=0.28.
Static, long-range Eu magnetic order below TAFMEu = 20 K is evidenced from mul-
tiple, well-resolved cosine-shaped oscillations on display in Figure 4.22a. Sim-
ilarly to the sample with x=0.19, a finite global phase φ 6= 0 (see Figure 4.23)
is found in the analysis of the time spectra using the same muon spin depo-
larization function. This finding indicates the same crossover from a complex
non-commensurate to a commensurate magnetic structure below TAFMEu for both
samples.
For 20 K 6 T 6 100 K, fast electronic relaxation (≈ 100 µs−1) at short times
is found for a small part of the signal, similarly to the observed "loss of initial
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Figure 4.23.: Temperature dependency of the local field at the muon site and
transverse rate for EuFe2(As1−xPx)2 with x=0.28.
asymmetry" (1-P0FB) in the FB detector pair for the sample with x=0.19 (see previ-
ous Section). Accordingly, this fast relaxating signal is associated with disordered
local Eu moments.
The temperature dependencies of the µSR dynamic rate for µ spin ⊥ c and µ
spin ‖ c are shown together in Figure 4.24a. The slopes for λL(T) and λLFB/λLUD for
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Figure 4.24.: ZF-µSR dynamic relaxation rates for EuFe2(As1−xPx)2 with x=0.19
and its spatial anisotropy as a function of temperature.
EuFe2(As1−xPx)2 with x=0.28 are similar to those for x=0.19. The only difference
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is a shift to slightly higher temperatures for higher phosphorous concentrations.
Notably, the slopes for λL(T) show the same characteristic temperature de-
pendency as expected for a critical slowing down of spin fluctuations. Since
the pronounced maximum in λL(T) is found at TAFMEu , I conclude that for
EuFe2(As1−xPx)2 with x=0.28, the spin dynamics related with λL(T) are caused
by the europium magnetic subsystem. This is an important input for the interpre-
tation of the observed broadening of the Mössbauer resonances, see Section 4.3.4.
To summarize the ZF-µSR results for EuFe2(As1−xPx)2 with x=0.28, no signa-
tures of spontaneous Fe magnetic order were observed. Static, disordered local
Eu moments above TAFMEu are found in ∼ 20 % of the sample volume and are
gradually suppressed as temperature is increased. They account for a magnetic
fraction of ∼ 5 % at 100 K and eventually vanish at higher temperatures, see Fig-
ure 4.22b. A strong spatial anisotropy of the dynamic relaxation rates is found
below TAFMEu similarly to that derived for the sample with x=0.19.
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4.5. Thermal expansion measurements for x=0.19
Thermal expansion (TE) along the c-direction was measured on two different
samples of EuFe2(As1−xPx)2 with x=0.19.
On the identical sample (#HS03E) as studied by Mössbauer spectroscopy and
µSR, the TE measurement was performed by Dr. Dörr (Institute of Solid State
Physics, TU Dresden). In Figure 4.25, the extracted temperature dependency of
the thermal expansion coefficient is shown.
The αc(T) curve for the #HS03E-sample is compared to that of a second sam-
ple (#nn)9 with the same phosphorous content of a different batch which has
been previously studied by neutron scattering [144]. The TE measurement on the
#nn-sample was carried out by Dr. Küchler (Max-Planck-Institute for Chemical
Physics of Solids, Dresden).
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Figure 4.25.: Temperature dependencies of the thermal expansion coefficient for
two diffferent samples of EuFe2(As1−xPx)2 with x=0.19. Both sam-
ples reveal two distinct anomalies at similar temperatures: TAFMEu
= 20 K and TTE = 110 K and 115 K.
9Since no batch description is available I called it "#nn"
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Results for the sample #HS03E
Due to a small signal-to-noise ratio in the primary signal in the first measurent,
the statistical scattering of the raw data in ∆L/L has been reduced by the fol-
lowing xy-averaging-precedure in order to extract some reliable information on
αc: In a first step, raw data points for ∆L/L(T) within a temperature interval of
±0.2 K were averaged in T and ∆L/L simoultaneously. Secondly, the numerical
temperature derivative of this curve was taken (using the standard Orign build-
in tool). Finally, the obtained α̂c ≡ d/dT (∆L/L(T)) curve was averaged in the
same way as in the first step using a temperature interval of 1.0 K. The error bars
are standard deviations from the final averaging. Owed to the small signal-to-
noise ratio in the primary signal only the positions of the distinct anomalies are
discussed. For the same reason, the scale for αc given in Figure 4.25a is an order
of magnitude estimate.
Nevertheless, the experiment reveals two distinct anomalies located at T=20 K
and≈ 110 K ontop of the typical slope for a metal. The low temperature anomaly
is attributed to the coherent, long-range Eu magnetic order below TAFMEu . The
second anomaly observed at TTE ≈ 110 K is associated with a structural related
anomaly. However, a structural phase transition (e.g orthorhombic splitting)
should have been clearly observed in resisitivity. A closer look on ρab(T) (Fig-
ure 4.2) indeed reveals a small change in dρ/dT arround 110 K matching with
TTE. Note, that TTE ≈ 110 K likewise coincides well with the onset of Fe magnetic
order as deduced from the µSR study. This will be discussed below.
To summarize, from the thermal expansion data on the x=0.19 sample #HS03E
which is also investigated using local probes techniques (see previous Sections),
I conclude the presence of a local orthorhombic distortion in the order of ∼ 10−5
below TTE ≈ 110 K which persists at least in parts of the sample volume. From
the finding that TTE ≈ TonFe derived by 57Fe Mössbauer spectroscopy and µSR,
I additionally deduce, that this orthorhombic distortion is closely related to the
onset of coherent magnetic Fe order.
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Results for the sample #nn
In contrast to this conclusion, a recent neutron scattering study on a different
sample of EuFe2(As1−xPx)2 with x=0.19 [144] report the absence of Fe magnetism
and no signs of changes of the crystal structure within experimental resolution.
More precisely, an orthorhombic distortion bigger than δ = (a − b)/(a + b) ∼
2.5 × 10−4 is explicitely ruled out. In order to verify whether or not the small
orthorhombic distortion and accompagnying onset of iron magnetic order ob-
served in the first sample (#HS03E) is a reproducable, intrinsic property (which
for its smallness can a priori not be resolved by neutron scattering) or related to
that specific sample, TE along c-direction was measured on the identical sample
studied in Reference [144].
The TE measurement on this second sample (#nn) was carried out using a dil-
amoter with a higher resolution as described in [152]. Significantly better res-
olution is necessary since (a) the second sample is roughly only half as thick
(0.35 mm) as the first one (0.78 mm) and (b) absolute values of α are obligatory
for a potentially further comparision to literature. Similarly to the first mea-
surements, data was taken on heating after ZF cooling to low temperatures.
The temperature dependency of the thermal expansion coefficient is shown in
Figure 4.25b. Firstly, one can immediately confirm the presence of the antici-
pated two distinct anomalies from the first sample: Identifying 20 K=TEu and
115 K=TTE, I directly conclude direct comparision of both samples.
Looking closer to the peculiar shape of αc(T) for EuFe2(As1−xPx)2 with x=0.19,
it is noteworthy to state that it looks very similar to that of CeFeAs1−xPxO with
x=0.30 [153]. The only difference is that for CeFeAs1−xPxO with x=0.30, no struc-
tural related anomaly is found whereas in EuFe2(As1−xPx)2 with x=0.19 a distinct
structural anomaly is evidenced at ∼ 115 K. Albeit this difference is crucial for
discussing high temperature superconductivity10, I would like to emphasize the
similarities of both systems by likewise adding the temperature dependency of
the Fe magnetic volume fraction derived from the µSR study on the first sample
to the same graph as we have done in Reference [153].
10If SC is related to nematicity a structural distortion must be present, see Introduction (Sec-
tion 1.1.2).
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Discussing αc(T) now in more detail starting at ambient temperatures, a typ-
ical essentially linear lattice contraction is found. Below ∼ 170 K however,
αc becomes negative and slightly changes its slope. Notably, αc(T) at these
temperatures does not show a shallow valley-like shape which is typically ob-
served in the vicinity of the (magneto-)structural phase transition temperature
in iron pnictides with a small phoshorous contents, see [154, BaFe2(As1−xPx)2]
or [155, EuFe2(As1−xPx)2]. Neither it shows monotonous metallic behavior as
in BaFe2(As1−xPx)2 for x → 1 [154]. The negativ values of αc at these tempera-
tures can be magnetic interaction, similarly to CeFeAs1−xPxO with x=0.30 [153].
In consideration of the temperature scale (∼ 160 K) and the presence of electronic
nematicity at higher temperatures than the structural phase transition as reported
for EuFe2(As1−xPx)2 with x=0.05 and 0.09 [156], the peculiar small (re-)expansion
of the c-axis below ∼ 170 K in EuFe2(As1−xPx)2 with x=0.19 may likewise refer to
electronic nematicity as a result from anisotropic spin scattering [20, 156].
At TTE ≈ 115 K, a distinct structural-related peak shows up followed by a tem-
perature intervall with constant αc(T) (TTE > T > 90 K). Strikingly, 90 K matches
with the the anomaly in the center shift (see Figure 4.8) at the onset of effec-
tively static magnetic order observed in 57Fe Mössbauer spectroscopy on the first
sample (#HS03E). Moreover, at lower temperatures (40 K 6 T 6 90 K) the c-axis
starts again to contract similarly to the increase of the Fe magnetically ordered
volume fraction clearly showing the intimate relationship between structure and
iron magnetism. This can be explained via the Poisson effect bearing in mind
that the ordered iron moment lies essentially in11 the ab-plane. As a result of
this close relation, αc saturates at the same temperature (≈ 35 K) as the magnet-
ically ordered volume ceases to further increase before finally, at 20 K the static,
long-range, coherent Eu FM ordering sets in.
11In fact, the local field at the Fe nucleus is tilted by ≈ 10◦ out of the basal plane, see Section
4.3.3 and [136] reminiscent to the canted A-type AFM magnetic structure of the Eu sublattice
in EuFe2As2.
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To summarize the results of the thermal expansion experiments on both sam-
ples, I conclude that the structural and electronic properties of both samples can
be directly compared. This is derived from the confirmation of the anticipated
two distinct anomalies in both samples. Moreover, from the discussion of the re-
sults on the second sample (#nn), I conclude that the anomalous αc(T) behaviour
observed for EuFe2(As1−xPx)2 with x=0.19 is electronically driven, beeing poten-
tially related to nematicicy.
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Figure 4.26.: Upper panel: Phase diagram of EuFe2(As1−xPx)2 for single crys-
talline samples obtained from Bridgeman-method synthesis. Litera-
ture data [a], [b], [c], [d] refer to [51], [141], [139] and [134], respec-
tively. Bottom Panel: Magnetic volume fraction above the onset of
Eu ordering for the samples under study in this thesis.
As a central result of this study, the results of the 57Fe Mössbauer spectroscopy,
µSR and thermal expansion experiments are compiled in the electronic phase di-
agram of EuFe2(As1−xPx)2 on display in Figure 4.26. Tet and Ort denote for a
tetragonal and orthogonal crystal structure. PM, SRO and AF refer to param-
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agnetic, short range Fe magnetic order and long-range Fe magnetic order (SDW
phase), respectively. T-Eu equals TAFMEu in the notation from Zapf et al. [134]. T-
Eu∗ is related to the peculiar broadening of the 57Fe Mössbauer resonances below
120 K observed in EuFe2(As1−xPx)2 with x=0.28 (see Section 4.3.3). To is the struc-
tural transition temperature and accordingly, To(TE) = TTE = 110 K is the tem-
perature at which thermal expansion measurements reveal a structural related
anomaly (see Section 4.5). TSDW derived by macroscopic (mainly resistivity and
magnetization) measurements taken from the given references is assumed to be
equal to T50%Fe as derived from this local probe study. Here, the definition of T
50%
Fe
is related to the percolation threshold of a two-dimensional square-lattice and ex-
perimentally defined by the temperature for which 50% of the raw data signal
displays magnetic behaviour. Therefore, I use TSDW = T50%Fe ≡ TFe synonymous.
Note in this context, that for x=0.19, the magnetic volume fraction is smaller than
50% for all temperatures. Therefore, the evidenced (weak) static-coherent iron
magnetism might not be seen in resistivity or by other macroscopic techniques.
In addition to the (T-x) phase diagram, the experimentally derived magnetic
volume fractions12 as a function of phosphorous concentration are also shown
in Figure 4.26 and compared with the probalistic expression P(x) = (1 − x)4
which accounts for the number of Fe atoms surrounded by four As atoms.
This connection was pointed out in an earlier Mössbauer spectroscopy study
of EuFe2(As1−xPx)2 by Nowik et al. [52]. Indeed, the values for Vmag(T=40 K)
derived in this work lie reasonably close to the anticipated (1− x)4 - line. Rot-
ter et al. [45] concluded that the local electronic and structural properties of P
substituted 122 iron pnictides are strongly dependent on the Fe-Pn bonds: Pn=P
weakens the itinerant magnetism by increasing the Fe band width and as a sec-
ondary effect, the Fe-As bond lengths, beeing a gauge for the ordered Fe moment,
are reduced.
Combining all these findings, I conclude that, static-coherent magnetism is re-
lated to iron atoms which are surrounded by As atoms only. The length scale of
the Fe short-range magnetic order refers to only a few magnetic unit cells.
12Here, the value was actually taken at T = 40 K for T above TEu in order to keep the influence of
static Eu order at a negligible level
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Figure 4.27.: Temperature dependence of the effective 57Fe hyperfine field for
EuFe2(As1−xPx)2 single crystals with x=0.13, 0.19 and 0.28 from this
work and EuFe2As2 [61, a]. For EuFe2(As1−xPx)2 with x=0.28, only a
transferred hyperfine field from the coherent-ordered Eu subsystem
is observed.
4.6.1. Suppression of Fe magnetic order
The parent compound EuFe2As2 [157] displays long-range Fe magnetic order be-
low 190 K due to the formation of the itinerant SDW (see Introduction). The
magnetic transition is accompagnied by a structural (tetragonal-to-orthorhombic)
phase transition and below TFe, the system is in the spin density wave phase (de-
noted as "AF + Ort" in Figure 4.26). In addition, the Eu magnetic subsystem
orders into a canted A-type AFM Eu magnetic structure below TAFMEu = 22 K.
As arsenic is substituted by phosphorous, the structural and SDW transition
are succesively suppressed and static long-range Fe order vanishes at x ≈ 0.16.
In 57Fe Mössbauer spectroscopy, the suppression of the Fe magnetic order is seen
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by the strong decrease of the effective13 hyperfine field value for T → 0 as illus-
trated in Figure 4.27. The contribution of the spontaneous Fe magnetization to
the local field at the 57Fe nucleus decreases from 8 T in EuFe2As2 [52, 61] to 4 T
for EuFe2(As1−xPx)2 with x=0.13 and 1.6 T for x=0.19. For the sample with x=0.28
under study here, only a transferred hyperfine field is observed below TEu, illus-
trating the full supression of spontaneous Fe magnetic order inbetween X=0.19
and 0.28.
4.6.2. Superconductivity
Superconductivity in EuFe2(As1−xPx)2 is reported for x ≈ 0.12 . . . 0.26, notably
prior to the full suppression of the SDW phase. However bulk superconductivity
is only found within a much narrower regime x ≈ 0.16 . . . 0.22 [51, 134].
The highest value for TSC in EuFe2(As1−xPx)2 is of 28 K for x=0.2 [51] and like-
wise 28 K (TonSC) for the sample with x=0.19 under study here.
Similar values for TmaxSC are found for the non-magnetic homologue systems
BaFe2(As1−xPx)2 (31 K for x ≈ 0.32 [30]) and SrFe2(As1−xPx)2 (27 . . . 35 K for
x ≈ 0.35 [48–50]14. From this comparision, I infer that the formation of super-
conductivity is rather independent from the specific A atom and thus not related
to Eu magnetism. This is in accordance with the overall evidence that for iron
pnictides, the appearance of superconductivity is a consequence of the suppres-
sion of static long-range Fe magnetic order (see Introduction).
As infered from Figure 4.26, the long-range character of the static Fe ordering
in EuFe2(As1−xPx)2 is closely related to the number of Fe-As bonds determining
the Fe magnetic volume fraction at low temperatures.
One aim of this work has been to study the superconducting properties of
EuFe2(As1−xPx)2 in greater detail. Therefore, a "µSR-pinning" experiment was
carried out, see Section 4.4.2. No signatures for the pinning of the vortex lattice
could be found and therefore no prove for microscopic bulk superconductivity
13Note that a transferred hyperfine field of the Eu subsystem has to be seriously taken into ac-
count, see Table 4.2.
14The variation in the superconducting transition temperatures have been shown to be related to
sample quality issues, in particular the actually used annealing protocols
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was achieved. Note, that from the absence of vortex lattice pinning one cannot
conclude the absence of bulk SC. Moreover, transverse field measurements were
attempted similarly to those for Ba1−xKx(Fe1−yCoy)2As2 (see Section 3.4) in order
to trace the temperature dependency of additional vortex lattice relaxation from
which further information on the SC gap structure may be derived. However,
the influence of the Eu magnetism onto the muon spin relaxation signal in this
experiment was to strong to separate the contribution of the vortex lattice.
4.6.3. Phase separation vs. microscopic coexistence of
superconductivity and Fe magnetic order
Likewise, as a consequence from the strong influence of the Eu magnetic order
onto the primary observables, no conclusive evidence for or against microscopic
coexistence of superconductivity and static Fe magnetic order in EuFe2(As1−xPx)2
with x=0.19 can be infered.
However the results from this work point to a phase separation scenario as
suggested by an Eu-ESR study of EuFe2(As1−xPx)2 with x=0.21 [149, 158] for the
following reason: In contrast to the gradual suppression of the ordered Fe mo-
ment, TonFe remains seemingly constant (≈ 100 K) for x=0.13 and x=0.19 indicating
an electronically inhomogeneous ground state similar to that of CeFeAs1−xPxO
with x ≈ 0.3 [153] for which phase separation was concluded. Furthermore,
the temperature dependence of the thermal expansion coefficient αc(T) from
EuFe2(As1−xPx)2 with x=0.19 and CeFeAs1−xPxO with x=0.30 are similar.
4.6.4. Superconductivity, iron and europium magnetism for
EuFe2(As1-xPx)2 with x=0.19
In order to study the interplay of superconductivity, iron and europium mag-
netism in EuFe2(As1−xPx)2 with x=0.19 by means of Mössbauer spectroscopy, I
tested the measured temperature dependence of the averaged Fe hyperfine field
for anomalies at TonSC (28 K) and T
AFM
Eu (20 K) as determined by resistivity, magne-
tization and specific heat.
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Figure 4.28.: Temperature dependence of the static averaged hyperfine field
Hav(T) of EuFe2(As1−xPx)2 with x=0.19. Hav is calculated from the
HFD by Equation (4.3). Error bars represent the mean error of each
individual pi to ρMEM at a given temperature.
As one can see in Figure 4.28, Hav(T) is essentially composed by a contribution
of the spontaneous Fe sublattice magnetization (blue line) and a transferred hy-
perfine field from the Eu sublattice (brown line).
The contribution from the spontaneous Fe sublattice magnetization was ex-
tracted by analyzing Hav(T) identically to Bµ(T), see Figure 4.19. The correpond-
ing fit of Hav(T) in the temperature regime 50 K . . . 110 K using Equation (4.10)
with β = 0.27 and δ = 2 yields HFe(T → 0) = 1.6(1)T and TFe = 105(10)K
respetively. The temperature dependent contribution of HFe(T) to the averaged
Mössbauer hyperfine field is given by
HFe(T) = 1.6(1)T ·
[
1−
(
T
105 K
)2]0.27
(4.11)
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as illustrated by the solid blue line in Figure 4.28.
For the contribution of the transferred hyperfine field from the Eu to Hav(T),
I assume that below TAFMEu , Ht(T) is proportional to Bµ(T). Consistent with a
neutron scattering study on a different single crystal of EuFe2(As1−xPx)2 with
x=0.19 [144], Bµ(T) can be very well described by a 3D Heisenberg model (β =
0.365, δ = 1 in Equation (4.10). A corresponding fit yields Bµ(T → 0) = 1.27 T
and TEu = 19.8(3)K, see Figure 4.29.
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Figure 4.29.: Temperature dependency of the muon spin precession frequency
∝ Bµ(T) for EuFe2(As1−xPx)2 with x=0.19. The red line is fit for
T < 20 K assuming a 3D Heisenberg model for the magnetic order
parameter of the Eu subsystem.
The temperature dependent contribution of Ht to the averaged Mössbauer hyper-
fine field is accordingly given by
Ht(T) = 0.3 T ·
[
1−
(
T
19.8 K
)1]0.365
(4.12)
as illustrated by the solid brown line in Figure 4.28.
In Equation (4.12), the T → 0 amplitude of Ht is estimated by scaling Bµ,Eu(T →
0) = 1.27 T by the ratio of HFe(T → 0) from Equation (4.11) and Bµ,Fe(T → 0)
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from Equation (4.10):
Bµ,Fe(T → 0)
HFe(T → 0)
· Bµ,Eu(T → 0) =
0.38 T
1.6(1)T
· 1.27 T = 0.3(1) T
Note, that the T → 0 amplitude of 0.3(1)T estimated from ZF-µSR is self-
consistent to the transferred hyperfine field Hct = 0.4(1)T for T = 4.2 K derived
from Table 4.2.
Comparing now the difference of the measured averaged Fe hyperfine field to
the sum of the two contributions HFe and Ht (dashed black line in Figure 4.28),
a deviation from the measured values is observed below 40 K. This finding is
reminiscent of the increase of the HFD broadening in Mössbauer spectroscopy
(Figure 4.9) and the increase of λT in ZF-µSR (Figure 4.20a). As discussed in
Section 4.4.2, these anomalies have been attributed to the formation of static, dis-
ordered local Eu moments. Accordingly, the increase of Hav below 40 K is refered
to disordered, local Eu moments which interact with the ordered Fe moment.
Below TonSC = 28 K, a decrease in Hav(T) suggests that magnetism and super-
conductivity compete for the same electrons. In contrast, the measured values
of Hav do not drop below the extrapolated values for HFe(T) (blue line in Fig-
ure 4.28) for T > 24 K indicating that static-coherent Fe magnetic order is rather
not affected by superconductivity. However, the appearance of a transferred
hyperfine field from Eu magnetic order already below 24 K resulting in an (re-
)increase of Hav(T) may mask a downturn of HFe(T) related to a putative inter-
play with superconductivy. Note, that a change of the estimated T → 0 amplitude
of Ht by only +0.2 T in Equation (4.12) would change qualitatively the interpreta-
tion basis for or against the interplay of superconductivity and Fe magnetic order.
For these reasons, I finally conclude from this discussion of Hav(T), that no mi-
croscopic interplay of superconductivity and coherent-static Fe magnetic order
could be evidenced by means of 57Fe Mössbauer spectroscopy. However, due to
the influence of the Eu magnetic order on the observed broadening of the Möss-
bauer resonances, an interplay cannot be conclusivly excluded.
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4.7. Competing structures of the Fe and Eu
magnetic subsystems
From this study, the interplay of the Eu and Fe magnetic subsystems is evident
for EuFe2(As1−xPx)2 with x=0.19 und x=0.28 from the presence of a transferred
hyperfine field (Ht) below TAFMEu .
This result is consistent with other Mössbauer studies on EuFe2(As1−xPx)2 [52,
133, 159]. For alloys with higher phosphorous substitution concentrations (x >
0.2) and EuFe2P2, the coupling of the (non-magnetic) Fe to the (magnetic) Eu
subsystem was evidenced by the observation of a transferred hyperfine field
(Ht ∼ 1 T) in the 57Fe Mössbauer spectra at low temperatures (T . 5 K). It was
found [ebd.], that in the absence of spontaneous Fe magnetic order, the induced Fe
moment (taken as a synonym for the transferred field at the 57Fe nucleus) points
in the same direction as the Eu moment (similarly beeing the synonym of the ef-
fective 151Eu field). The direction of Ht is canted out of the crystallographic c-axis
by 20◦ [52, 133] in agreement with neutron powder diffraction data on EuFe2P2
from which a c-axis tilting of 17(3)◦ was concluded [160]. For these phosphorous
substitution levels, ferromagnetic interlayer coupling of the in-plane components
of the Eu moment was evidenced [137].
In contrast, at a low phosphorous substitution level (x 6 0.2) – in the presence
of spontaneous Fe order – a coupling of the Eu subsystem to the Fe subsystem is
not observed in various experiments. Likewise, only weak or no coupling15 can
be infered from the results of the studied single crystal with x=0.13 in this work,
(see Section 4.3.2).
However, sizable coupling of both magnetic subsystems for low phosphorous
substitution levels and EuFe2As2 has been shown by magnetization measure-
ments [137] and explained by a different alignment of the Eu moment compared
to high substitution levels. In the presence of spontaneous ordering of the Fe sub-
system with an ordered Fe moment oriented essentially within the ab-plane, the
15The 57Fe Mössbauer spectroscopy data does not reveal a distinct anomaly in the center shift
and no pronounced up- or downturn in Hav can be conclusively justified. Nevertheless a
comparison of the 4.2 and 30 K spectra indicate a re-distribution of the HFD which may be
related to a small transferred hyperfine field from the Eu.
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Eu subsystem is found to display antiferromagnetic interlayer coupling of its in-
plane components [137]. As a result, strong competition for the electronic ground
state expressed by the AFM to FM interlayer exchange couling crossover sets in
for x > 0.1 as the Fe order (leading instability) is sufficiently suppressed to "re-
lease the bare Eu order".
This imprintement of the SDW symmetry into the Eu magnetic order has been
theoretically described by Akbari et al. [161]. They conclude that the strength
of the Fe induced asymmetry in the Eu RKKY interaction depends crucially on
the size of the AFM gap and the structure of the folded Fermi surface. As a
result, "the magnetization of the rare-earth magnetic moments, already anisotropic by
itself due to crystalline electric field effects, will experience additional temperature depen-
dent anisotropy induced by the conduction electrons below TSDW" [ebd.] Experimen-
tally, an Eu ESR study of EuFe2As2 by Dengler et al. [148] consistently show, that
the relaxation behavior of the Eu spins changes drastically at the Fe spin-density
wave transition: Above TSDW a metallic Korringa-type increase in the linewidth
is found but below TSDW a distinct anisotropy develops and the relaxation be-
havior of the Eu spins changes drastically into one with characteristic properties
of a magnetic insulating system. Dengler et al. also concluded a spatial confine-
ment of the conduction electrons to the FeAs layers in the SDW state which is
corroborated by the finding of a decrease in the 57Fe center shift at TSDW in sin-
gle crystalline EuFe2As2 [61] and similar to EuFe2(As1−xPx)2 with x=0.19 under
study here, see Figure 4.8.
A systematic magnetization study by Zapf et al. [135, 137] evidenced this pre-
diction by showing that the canting of the ordered Eu2+ moments develops pro-
portional to the suppression of the spin density wave [135].
Having now established that the interaction of the Fe and the Eu sublattice can be
expressed by their corresponding ordered moments, then one can conclude from
the above given theoretical and experimental studies, that a decrease of the Fe
moment in the basal plane (suppression of the SDW and its gap size) should be
accompagnied by an enhancement of the Eu moment along the c-direction.
In the following, I will study this correlation by including the results of this
work to available literature data of complementary 57Fe and 151Eu Mössbauer
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spectroscopy data. Note, that both local probes trace the total on-site moment
(local field) and its direction (angle with respect to the EFG = crystallographic
c-axis) at the Eu and Fe site respectively.
Competing magnetic structures as seen from complementary
57Fe and 151Eu Mössbauer spectroscopy
Preliminary remark:
The (spatial) correlation of the local 57Fe and 151Eu fields at low temperatures
was not adressed in the publication by Nowik and Felner [52] comparing 57Fe
and 151Eu spectra for polycrystalline samples of various P concentrations. They
studied the suppression of Fe magnetism by a comparison of 57Fe spectra at 90 K
only and accordingly no experimental 57Fe hyperfine parameters at low temper-
atures (T . 5 K) were provided in contrast to the comprehensive information on
the 151Eu hyperfine parameters at 5 K.
For EuFe2As2, no transferred hyperfine field in the 57Fe Mössbauer spectra of sin-
gle crystalline samples below TAFMEu is reported [61]. In contrast, ZF-µSR experi-
ments on single crystalline EuFe2As2 show an increasae of Bµ below TAFMEu [140].
These findings suggest, that no direct coupling of the magnetic subsystems is
present.
Intriguingly, in the parent compound EuFe2As2, the effective 151Eu hyper-
fine field at 5 K [52, 162, Heff = 26 . . . 27 T] is only about 10-15% smaller as in
EuFe2P2 [52, 133, Heff = 30 . . . 31 T] where a transferred field of 1 T is found at
the Fe site. A corresponding increase of ∼ 0.8 T of the local 57Fe hyperfine field
below TAFMEu in EuFe2As2 would be clearly experimentally resolvable but is not
observed [61]. This contradiction is reconciled by taking into account the spatial
direction16 of the 151Eu effective field: The c-direction component of HeffEu, as cal-
culated by Equation (4.13), leads to a transferred hyperfine field Ht at the 57Fe
nucleus as small as ∼ 0.2 T. Such an small increase may be unresolved due to the
resolution limit of 57Fe Mössbauer spectroscopy related to the natural linewidth.
16This canting is as a result of the above motivated imprintement of the Fe order during the
formation of the Eu magnetic structure
135
4. EuFe2(As1-xPx)2
Moreover, in [61] 57Fe Mössbauer spectra were recorded only for T = 4.2 K, 77 K
and above 150 K, so no conclusive information on this topic can be infered from
that study.
In Table 4.2, I compiled available data on the values of the 57Fe and 151Eu hyper-
fine field and its corresponding spatial orientation for T  TAFMEu and T ' TAFMEu .
From these values, I calculated the in- and out-of-plane components of the Möss-
bauer hyperfine fields using Equation (4.13) under the assumption that this de-
composition is an appropriate approximation. Note, that this is a similar ap-
proach as used in the magnetization study by Zapf et al. [135, 137] in which the
in- (ab) and out-of-plane (c) components of M(T, H) were investigated. For the
determination of the absolute direction with respect to the crystallographic axes,
I adopt the general assumption [52, 133, 142] that the principal axis of the EFG
tensor lies parallel to the crystallographic c-direction, which determines the ab-
solute orientation of the quantisation axis in the Mössbauer experiment. Straight
forward it follows, that
Hab = H sin θc
Hc = H cos θc
(4.13)
Here, θc is the c-axis tilting angle of the local (effective) field at the 57Fe or 151Eu
nucleus respectively.
17In Reference [61], no possible c-axis tilting for the Fe hyperfine field has been considered and
therefore θ ‖ H → θc = 90◦; for the calculation of the in- and out-of-plane components I
assumed θc = 80◦ consistent to our data for x=0.13 and the orientation of the effective 151Eu
field from Reference [52].
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EuFe2(As1−xPx)2 T [K] local field θc ordered phases
x=0.00, 57Fe [61] 80 7.41 T 90◦17 Fe
4.2 7.95 T – Fe + Eu
↪→ HabFe = 7.8 T 90◦
↪→ HcFe = 1.4 T 0◦
x=0.00, 151Eu [52] 5.0 26.2 T 77(7)◦ Fe + Eu
↪→ HcEu→Fe ∼ 0.2 T 0◦
x=0.15, 151Eu [52] 5.0 26.5 T 60◦ Fe + Eu
↪→ HcEu→Fe ∼ 0.4 T 0◦
x=0.13, 57Fe 30 3.9(3) T 75(5)◦ Fe (75%)
4.2 4.2(3) T 75(5)◦ Fe (75%)
↪→ HabFe = 4.1 T 90◦ + Eu (100%)
↪→ HcFe = 1.1 T 0◦
x=0.19 57Fe 40 HFe = 1.6(1)T 80(5)◦ Fe (40%)
↪→ HabFe = 1.4 T 90◦
↪→ HcFe = 0.35 T 0◦
4.2 1.9(1) T 66(3)◦ Fe (40%)
↪→ HabFe+Eu = 1.75 T 90◦ + SC
↪→ HcFe+Eu = 0.75 T 0◦ + Eu (100%)
4.2 ⇒ Ht = 0.6 T 22(5)◦
⇒ Hct = 0.4 T 0◦
x=0.28 57Fe 4.2 Ht = 1.3(1)T 20(3)◦ Eu only
x=0.30, 151Eu [142] 5.0 28.4(2) T 12(8)◦ Eu + SC
x=0.30 57Fe [142] 5.0 Ht = 1.4(2)T 45(10)◦ + dyn. Fe
x=0.2, 151Eu [52] 5.0 28 T ∼ 20◦ Eu only
x=0.2, 57Fe [52] 5.0 Ht = 0.93(5) T ∼ 20◦ Eu only
x=0.3, 57Fe [52] 5.0 Ht = 0.93(5) T ∼ 20◦ Eu + SC
x=1.0, 151Eu [52] 5.0 30.8 T 22(3)◦ Eu
x=1.0, 151Eu [133] 5.0 30.1(1) T 20(5)◦ Eu
x=1.0, 57Fe [133] 5.0 Ht = 0.97(2) T 15(5)◦ Eu
Table 4.2.: Compilation of selective Mössbauer data of EuFe2(As1−xPx)2 from this
work and available literature data
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The main conclusion of analyzing the compiled data in Table 4.2 is that below
TAFMEu , the Fe in-plane magnetization is weakened proportional to the strenghen-
ing of the out of-plane Eu magnetization.
This is infered as follows: Firstly, the data on display in Table 4.2 show, that
the transferred hyperfine field HcEu→Fe at the
57Fe nucleus resulting from the c-
direction component of the Eu magnetic moment for T  TAFMEu increases from
∼ 0.2 T to ∼ 0.4 T for EuFe2(As1−xPx)2 with x=0.00 and x=0.15, respectively. Ac-
cording to Equation (4.13), these values are calculated by
HcEu→Fe =
1
30
·HeffEu · cos (θc) , using
1
30
≈ 0.97 T
30.1 T
≈ 0.93 T
28.0 T
as an effective coupling parameter. The value of 1/30 is derived from comparing
Ht and HeffEu in the absence of spontaneous Fe order (see lower section of Table 4.2).
Thus, HcEu→Fe beeing a gauge for the c-direction component of the ordered Eu
moment, increases by a factor ∼ 2.
Secondly, the ab-component of the 57Fe hyperfine field value, beeing accordingly
a gauge for the in-plane component of the ordered Fe moment, decreases from
HabFe = 7.8 T for x=0.00 to 4.1 T for x=0.13. Thus, a reduction by a factor ∼ 2 is
found for comparable phosphorous concentrations.
Moreover, the compiled data suggests, that the crossover from AFM to FM in-
terlayer exchange coupling occurs at a phosphorous concentration level between
0.13 and 0.19 at which the c-axis component of the spontaneous 57Fe hyperfine
field HcFe is suppressed below the value of the c-component of the transferred
hyperfine field HcEu→Fe.
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4.8. Summary and outlook
In this thesis, the electronic and structural phase diagram of EuFe2(As1−xPx)2
was studied by means of 57Fe Mössbauer spectroscopy and Muon Spin Relax-
ation. The results reveal a further complexity of the established (T-x) phase dia-
grams [51,135, see Figure 4.26] due to the observation of static Fe magnetic order
in the sample with x=0.19.
The results from 57Fe MS and ZF-µSR reveal an intriguing interplay of the lo-
cal Eu2+ magnetic moments and the itinerant magnetic Fe moments due to the
competing structures of the iron and europium magnetic subsystems. By com-
paring the low-temperature values of the 57Fe and 151Eu hyperfine fields de-
rived from Mössbauer experiments to available literature data, I propose that
as a function of phosphorous concentration, the Fe in-plane magnetization is
weakened proportional to the strenghening of the out of-plane Eu magnetization.
This finding emphasize further local pobe studies in the "underdoped" regime of
EuFe2(As1−xPx)2 (x 6 0.2) in order to confirm this torque-like coupling of the Fe
and Eu magnetic moments at low temperatures. Further studies for x > 0.1 may
also confirm the observed separation of Fe magnetic and non-magnetic volume
fractions for the sample with x=0.13 and x=0.19 at T > TAFMEu .
ZF-µSR shows a strong increase of the local field at the muon site below TAFMEu ≈
20 K and a crossover from isotropic to anisotropic spin-dynamics between 30 and
10 K. The temperature dependence of the spin dynamics, as derived from the
µSR dynamic relaxation rates, are related to a critical slowing down of Eu-spin
fluctuations which extends to even much higher temperatures (≈ 100 K). They
also effect the experimental linewidth observed in the 57Fe MS experiments. The
strong influence of the Eu magnetic order onto the primary observables in both
methods prevents conclusive interpretation of the experimental data with respect
to a putative interplay of Fe magnetism and superconductivity.
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A. Appendix
A.1. Additional information on charge compensated
Ba1−xKx(Fe1−yCoy)2As2
(a) x/2 ≈ y = 0.07 (b) x/2 ≈ y = 0.10
(c) x/2 ≈ y = 0.13 (d) x/2 ≈ y = 0.16
Figure A.1.: Room temperature 57Fe Mössbauer spectra for charge compensated
Ba1−xKx(Fe1−yCoy)2As2 with x/2 ≈ y = 0.07, 0.10, 0.13 and 0.16
The complete set of fit parameters used for the analysis of the low temperature
Mössbauer spectra (Section 3.3) are compiled on the following pages
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A.2. Additional information on EuFe2(As1-xPx)2
A.2.1. Additional information on the spectral analysis using
the MEM option in MössFit
Fit-file for the analysis of the Mössbauer spectra of EuFe2(As1−xPx)2 with x=0.19
from the first measurement series as described in section 4.3.1 using MössFit
Version 11(?) as of May 2013 (check SPP Workshop Stuttgart):
FITPARAMETER
# No Name Value Step
global_Vzz1 14.6491 1.0
global_Vzz2 20.2516 1.0
global_frac2 0.66807 0.05
B 0 0.00
eta 0 0
theta 110.6292 5.000
phi 0 0
CS 0.42 0.05
omega 0.126 0.00
A0 1 1
Int 1 1
global_beta 28.1703 5.4
gamma 0 0.0
zero 0 0
#######################
THEORY
BL Int
SHc MEM[1.0,8,17] global_Vzz1 eta fun3 phi CS omega fun2 zero gamma
SHc MEM[1,0,8,17] global_Vzz2 eta zero phi CS omega fun1 global_beta gamma
#######################
FUNCTIONS
fun1 = global_frac2*A0
fun2 = (1-global_frac2)*A0
fun3 = theta - global_beta
#######################
COMMANDS
A A0
I0 Int
MEM 900 0.015 0.2 0.95 500000
MaxIter 0
#######################
RUN
4.2
...1
295.0
1more runs = 15.5 16.0 22.0 29.5 40.0 59.9 79.7 86.5 92.2 97.2 102.2 106.3 110.3 115.4 129.8 148.9
175.3 200.9 225.1 249.8 275.0 indexed by the given temperature in Kelvin
A.2. Additional information on EuFe2(As1-xPx)2
T[K] χ2red K-S-confidence MEM-diff MEM-λ MEM-iterations
2.30 1.07 0.862 0.065 0.906 352
8.00 0.99 0.889 0.068 0.931 284
15.50 1.03 0.611 0.051 0.929 260
19.00 1.11 0.363 0.069 0.930 279
22.00 1.08 0.409 0.045 0.932 275
24.30 0.97 0.263 0.042 0.929 262
27.00 1.00 0.743 0.049 0.930 306
29.50 1.04 0.282 0.053 0.930 236
32.00 1.06 0.626 0.054 0.929 296
35.00 1.03 0.077 0.053 0.932 267
41.00 2.12 0.000 0.014 0.930 303
65.00 0.94 0.726 0.041 0.938 230
85.70 1.02 0.718 0.073 0.942 268
92.50 1.05 0.345 0.048 0.941 227
97.10 0.92 0.624 0.035 0.950 185
120.00 1.09 0.948 0.305 0.944 59
179.80 1.17 0.308 0.078 0.955 99
296.00 1.01 0.257 0.077 0.904 149
Table A.5.: Fit statistics for the global fit of the second measurement series of
EuFe2(As1−xPx)2 with x=0.19 using improved MEM algorithms, see
section 4.3.1. Note that the value for the number of MEM-iterations is
smaller than the upper allowed limit of 400 which shows that the fit
has well converged in entropy space.
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Comparision of HFD from 1st and 2nd measurement series
(a) ρMEM (series I) for of EuFe2(As1−xPx)2 with x = 0.19.
(b) ρMEM (series II) for of EuFe2(As1−xPx)2 with x = 0.19.
Figure A.2.: Color coding: pi = 0.0 (brown) to 0.7 (green)
162
A.2. Additional information on EuFe2(As1-xPx)2
A.2.2. Calculation of the c-axis tilting angle for the local field
at the muon site
From the absolute ZF asymmetry values, VoscUD(T) and PFB(t=0,T) in the maget-
ically ordered (T≤10 K) and normal state (T>150 K), S. Kamusella and I calcu-
lated independently from each other, the c-axis tilting angle of the local field at
the muon site to be 10(3)◦ and 9(2)◦ at T=1.6 K.2 This is done in the following
way:
Firstly, for better readability, the notations for the oscillating ZF asymmetry
amplitudes are unified to
AoscUD ↔ VoscUD(T ≤ 10 K)
AoscFB ↔ PFB(t = 0, T = 250 K)− PFB(t = 0, T ≤ 10 K)
We then define a commom coordinate system for the laboratory frame (x, y, z)
and the crystal structure (a, b, c) under the assumption that the c-axis of the single
crystal points out of the plate-like sample. Therefore, c ‖ z and the crystal ab-
plane lies within the xy-plane beeing rotated by an arbitrary angle.
In the following, we implicitely assume that an static internal field B at muon
site exists which causes muon spin precession and moreover explicitely assume
only one muon site. Then one can generalize the oscillating asymmetry ampli-
tude Aosc due to the local field pointing in an arbitray direction:
Aosc is given by the projection of the perpendicular component of B with re-
spect to the initial muon spin polarization onto the the laboratory framework.
Using the azymuthal α, β and polar angle γ of the tetragonal crystallographic
coordinate system in the given arrangement, one can directly write:
Aosc = Atotal · sin
arccos


sin α
0
cos α
 ·

sin γ cos β
sin γ sin β
cos γ



= Atotal ·
√
1− (cos γ cos α + sin γ sin α cos β)2 (A.1)
The same accounts for the asymmetry amplitude part which corresponds to the
2The differences only accounts for the rounding of the numbers.
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non-oscillating part, which is indexed as ’relax’:
Arelax = Atotal · cos
arccos


sin α
0
cos α
 ·

sin γ cos β
sin γ sin β
cos γ



= Atotal · (cos γ cos α + sin γ sin α cos β) (A.2)
Self-consistently, Atotal = Aosc + Arelax holds true for Eq. (A.1) and (A.2). Note,
that from Eq. (A.1) and (A.2) one can directly deduce by spatial averaging that
for polycrystalline samples Aosc = 2/3 and Arelax = 1/3 if the total asymmetry
amplitude is normalized to 1.
Up to now, we have established a general framework for calculating the asym-
metry amplitudes from a virtual arbitrarily located axial-symmetric detector-pair
but we have to adopt the true location of the detectors in the GPS spektrome-
ter. This is quite simple since our coordinate system was well-chosen. The up-
down and forward-backward detector pairs in the GPS spectrometer correspond
to α = 90◦ and α = 0◦, respectively. Eqs. (A.1) and (A.2) simplify to
AoscUD = A
total ·
√
1− (sin γ cos β)2 (A.3)
AoscFB = A
total · sin γ (A.4)
ArelaxUD = A
total · sin γ cos β (A.5)
ArelaxFB = A
total · cos γ (A.6)
Since Atotal = Aosc + Arelax for each detector-pair, the four Eqs. (A.3)–(A.6) are
two pairs of redundant equations in the variables β, γ and Atotal and therefore a
third independent equation is necessary to solve this system of equations. AoscUD
and AoscFB were determined experimentally from the ZF spectra in the magnetically
ordered state; the values are summarized in Tab. (A.6).
If 100% of the muons stop in the sample, then Atotal is equal to the pseudo-
vector sum of the experimentally observed full asymmetries of the UD (AtotUD) and
FB detector-pairs (AtotFB). The latter magnitudes can be experimentally determined
by a standard calibration procedure (ZF and weak-TF3 in the normal state of the
3The external field needs to be applied perpendicular to both detector pair axes, therefore one
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studied material). If one additionally has to correct for a significant, constant
background signal, then Atotal must be reduced by the corresponding relative
fraction fBG. The necessary third equation accordingly takes the form
Atotal = (1− fBG) ·
√(
AtotUD
)2
+
(
AtotFB
)2 (A.7)
During the numeric solving of Eqs. (A.3), (A.4) and (A.7), Atotal was treated as
an adjustable parameter and we get Atotalfit = 0.198(3) in perfect agreement with
the experimental value of 0.200(3). The final results γ and β are summarized in
Tab. (A.6) together with the experimental input values and the corresponding
references for the raw data.
item refer to
AtotUD = 0.169(1) runs #2763, #2802 (2012)
AtotFB = 0.152(2) runs #2763, #2802 (2012)
AoscUD = 0.145(2) runs #2781 – #2783 (2012)
AoscFB = 0.135(2) runs #2781 – #2783 (2012)
fBG = 0.12(1) run #2784 (2012)
Atotalexp = 0.200(3) runs #2763, #2802 and #2784 (2012)
Atotalcal = 0.198(3) Eqs. (A.3), (A.4) and (A.7)
β = −3(24)◦ Eqs. (A.3), (A.4) and (A.7)
γ = 9.2(1.3)◦ Eqs. (A.3), (A.4) and (A.7)
Table A.6.: Compilation of various quantities used for the calculation of the c-
axis tilting angle θc ≡ γ for EuFe2(As1−xPx)2 with x=0.19 used in Sec-
tion 4.4.2
has to use the WEP magnet for the GPS spektrometer
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A.2.3. Axial anisotropy of Eu spin fluctuations (µSR dynamic
rates vs. Eu ESR)
In Figure 4.17b, the temperature dependency of the anisotropy λLFB/λ
L
UD of the
dynamic relaxation rate was shown. Reminiscent to the Eu-ESR linewidths mea-
sured on various EuFe2(As1−xPx)2 single crystals along c and ab direction by the
Loidl group (University Augsburg) [148, 149, see compilation below], this axial
anisotropy strongly increases as T approaches TAFMEu . The potential anomalies of
λLFB/λ
L
UD at T=17 K for x=0.19 and at T=19 K for x=0.28 on display in Figure A.3
are in accordance to TglassEu concluded by Zapf et al. [134]. For x=0.19, a consis-
tently shaped anomaly is observed in the M(T) curve (see Figure 4.2, Section 4.2).
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Figure A.3.: Anisotropy of λL in EuFe2(As1−xPx)2 with x=0.19 and 0.28 shown
on different temperature scales. The magneta lines emphaszise the
potential anomalies of λLFB/λ
L
UD at T
glass
Eu .
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ESR data from the group of Prof. Loidl (University Augsburg):
Figure A.4.: Eu ESR linewidths ∆H(T) for various EuFe2(As1−xPx)2.
Data/Picture credits by Sebastion Kraus [158]. The identical
∆H(T) data also was published in [148] for EuFe2As2 and in [149]
for EuFe2(As1−xPx)2 with x=0.21 (here x=0.43 due to different
notation)
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